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Abstract
Advances in performance of integrated circuits has throughout history been linked to
minituarization of front-end-of-line (FEOL) devices, such as transistors. Three di-
mensional stacked integrated circuits (3D SIC) present a potential technology that can
enhance system performance based on interconnect and packaging techniques. Con-
temporary vertical stacking of Si chips in 3D SIC technology is based on through-Si
vias and microbumps. Compared to two dimensional integrated circuits, these vertical
interconnects enable shorter signal paths that lead to lower signal delay and reduced
power consumption. Extensive research is being done on the electrical properties of
TSVs and microbumps. Furthermore, the thermo-mechanical impact of TSVs on the
back-end-of-line (BEOL) and Si is being investigated. However, little is known about
the thermo-mechanical impact of chip-package interaction (CPI) on Si in 3D SIC tech-
nology. Therefore, this thesis focuses on detecting mechanical stress mechanisms oc-
curing after 3D IC stacking and packaging and the impact of those stresses on FEOL
devices in Si.
Within this thesis, the linear piezoresistance model, originally developed for bulk
Si, is applied to describe the response of FEOL devices to stress. In this case, the
piezocoefficients represent the stress sensitivity of the whole device, rather than bulk
material.
A stress sensor evaluation methodology is proposed and implemented within the
thesis. Stress sensitivity of several FEOL device types and through several FEOL tech-
nology nodes was assessed. FEOL devices were calibrated to in-plane and out-of-plane
stress. The stress sensitivities are analyzed from two perspectives:
• To gain information on the nature of stress sensitivity of FEOL devices and its
trends through scaling technology nodes
• Their applicability for usage as FEOL CPI stress sensors
Obtained FEOL device piezocoefficients can greatly differ from Smith piezocoeffi-
cients for bulk Si. Direct calibration of FEOL devices to stress is necessary.
The stress sensitivity of MOSFETs, FinFETs and pseudo-Hall devices was as-
sessed. All of these devices exhibit a sensitivity to mechanical stress. MOSFETs were
implemented as stress sensors. An important advantage of MOSFETs is its ability to
extract individual stress components. FinFETs exhibited lower sensitivity to stress than
MOSFETs. Pseudo-Hall devices exhibit better temperature stability than MOSFETs,
but extraction of stress components is not straightforward. Under certain conditions,
MOSFETs can be used to extract both in-plane stresses and out-of-plane stress.
High MOSFET current shift of above 40% was observed after 3D Si die stacking
and linked to the underfill-microbump stress mechanism. During cooling of a 3D IC
stack after die bonding, the underfill as the material with the highest coefficient of
thermal expansion (CTE) in the surrounding, shrinks and pulls the thin Si die over
the underlying microbumps causing local warpage of the thin Si die. The underfill
microbump stress mechanism is a CTE mismatch driven mechanism initiated by the
underfill material.
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The underfill-microbump interaction was experimentally monitored on 3 genera-
tions of 2-die 3D stacks. Global and local in-plane and out-of-plane stresses generated
after 3D stacking were extracted with MOSFETs on both die levels. Stress in Si was
monitored on the opposite side of the microbumps, directly below the microbump and
between microbumps. After 3D die stacking, on the opposite side of the microbump,
tensile in-plane stress components in Si are dominant. Compressive out-of-plane stress
becomes dominant on the Si side below the microbump. Cu pads used for creating
microbumps leave a non-negligible stress mark in Si as well.
N-type and p-type Si and in that sense n-type and p-type MOSFETs have a distinc-
tively different response to mechanical stress. Circular stress patterns are observed in
Si as a consequence of the underfill-microbump interaction, which reflect into circular
current shift patterns for n-type Si devices and orbital current shift patterns with posi-
tive and negative current shift regions for p-type Si devices. Keep-out zones, prohibited
areas in Si for processing MOSFETS and other sensitive FEOL devices on IC layouts
due to the underfill-microbump stress impact, are proposed. Circular keep-out zones,
primarily above the microbump position are proposed for n-type devices. Rectangu-
lar keep-out zones around the microbump position, in the surrounding but not directly
above the microbump position, are proposed for p-type devices.
Underfill-microbump stress mitigation guidelines are proposed based on an exper-
imentally validated finite element model. Increasing die thickness, choosing a low-
stress underfill, decreasing the pitch between microbumps, decreasing the microbump
height and grouping microbumps in larger arrays all contribute to stress reduction in
Si. Based on implementation of some of the guidelines, such as increase of Si thick-
ness and lower microbump pitch, stress decrease in Si is observed through assessed 3D
stack generations, from a starting 827 MPa down to 125 MPa.
3D stacks were further packaged. Global and local in-plane and out-of-plane stress
in Si generated after 3D stack packaging was extracted with MOSFETs on both die
levels. It was revealed that the package substrate has an equally important impact in
generating Si stress and package warpage as the mold compound. The final package
warpage and Si stress is a result of the interaction of the substrate and mold compound.
Packaging exerts different global stress patterns on the two stacked Si dies. Be-
tween the microbumps, compressive in-plane stress is observed on the thinned die and
tensile in-plane stress is observed on the thicker die. High out-of-plane stress is ob-
served between the microbumps on the thicker Si die. Local sensors revealed that
stress patterns in Si from the underfill-microbump reaction remain after packaging and
are only modified in absolute value by the interaction of the substrate and mold com-
pound.
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Nederlandse Samenvatting
Doorheen de geschiedenis van geïntegreerde schakelingen is de vooruitgang van hun
prestaties steeds gekoppeld geweest aan de miniaturisatie van componenten zoals tran-
sistors. Drie-dimensionele opeengestapelde geïntegreerde schakelingen (3D SIC) verte-
genwoordigingen een technologie die de prestatie van het systeem kan verhogen op
basis van technieken van verbindingen en verpakkingen. De moderne verticale opeen-
stapeling van Si chips in de 3D SIC technologie is gebaseerd op verbindingen doorheen
silicium (TSVs) en micro-bumps. In vergelijking met twee-dimensionele geïntegreerde
schakelingen, zijn deze verticale verbindingen korter wat leidt tot een kleinere sig-
naalvertraging en een lager vermogensverbruik. Er wordt uitgebreid onderzoek gedaan
naar de elektrische eigenschappen van TSVs en micro-bumps. Daarnaast wordt ook
de thermo-mechanische impact van TSVs op Si onderzocht. Er is echter weinig gek-
end over de thermo-mechanische impact op Si van de interactie tussen de chip en de
verpakking (CPI) in de 3D SIC technologie. Daarom richt deze thesis zich op het de-
tecteren van de mechanismen van mechanische spanning na de 3D SIC opeenstapeling
en de verpakking, en de impact van die spanningen op de componenten in het Si.
In deze thesis wordt het model van lineaire piëzo-resistentie, dat oorspronkelijk
ontwikkeld werd voor bulk Si, toegepast om het spanningsgedrag van componenten te
beschrijven. In dit geval vertegenwoordigen de piëzo-coëfficiënten de spanningsgevoe-
ligheid van de gehele component. In de thesis wordt een evaluatie-methodologie voor
spanningssensoren voorgesteld en geïmplementeerd. De spanningsgevoeligheid van
verscheidene componenten doorheen verschillende technolgie-nodes werd bepaald. De
componenten werden gekalibreerd voor spanningen in het vlak en uit het vlak. De
spanningsgevoeligheid werd vanuit twee perspectieven geanalyseerd:
• Om informatie in te winnen over de aard van de spanningsgevoeligheid van com-
ponenten, en de verandering ervan door schalen van de technologie-node
• Hun toepasbaarheid voor het gebruik als CPI spanningssensoren
De verkregen piëzo-coëfficiënten voor de componenten kunnen sterk verschillen van
de piëzo-coëfficiënten van Smith voor bulk Si. Directe kalibratie van componenten aan
spanning is noodzakelijk.
MOSFETs, FinFETs en pseudo-Hall componenten zijn gevoelig voor mechanis-
che spanning. MOSFETs worden gebruikt als spanningssensoren. Een belangrijk
voordeel van MOSFETs is het feit dat ze toelaten om individuele spanningscompo-
nenten te verkrijgen. FinFETs vertoonden een lagere gevoeligheid voor spanning dan
MOSFETs. Pseudo-Hall componenten vertonen een betere thermische stabiliteit dan
MOSFETs, maar het is niet vanzelfsprekend om de spanningscomponenten te verkri-
jgen. Onder bepaalde voorwaarden kunnen MOSFETs gebruikt worden om zowel de
spanning in het vlak als uit het vlak te verkrijgen. Na 3D-stapelen werd een hoge
verschuiving van meer dan 40% van de stroom van de MOSFET waargenomen, die
gelinkt werd aan het underfill-micro-bump spanningsmechanisme. Tijdens het afkoe-
len van een 3D-stapeling na het verbinden van de chips, krimpt de underfill als het
materiaal met de hoogste CTE in de omgeving, en trekt het dunne stukje Si over de
onderliggende micro-bumps, wat lokale buiging van het dunne stukje Si veroorzaakt.
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Het underfill-micro-bump spanningsmechanisme is gedreven door een discrepantie in
de thermische uitzettingscoëfficiënt, geïnitieerd door het underfill-materiaal.
De interactie tussen de underfill en de micro-bumps werd experimenteel gevolgd
voor 3 generaties van 3D-stapelingen met 2 niveaus. De globale en lokale spanning
in het vlak en uit het vlak ontstaan na 3D-stapeling werden verkregen met MOSFETs
op beide niveaus. De spanning in het Si werd gevolgd aan de zijde van het stukje Si
tegenover de micro-bumps, direct onder de micro-bumps en tussen micro-bumps. Na
3D-stapeling zijn, aan de zijde tegenover de micro-bump, trekspanningen in het vlak
dominant in het Si. Drukspanningen worden dominant aan de zijde van het Si onder
de micro-bump. Ook de Cu pads gebruikt om de micro-bumps te creëren, laten een
niet-verwaarloosbaar spoor in het Si.
N-type en p-type Si en in die zin n-type en p-type MOSFETs hebben een opval-
lend verschillende respons op mechanische spanning. Cirkelvormige spanningspatro-
nen worden waargenomen in Si als gevolg van de interactie tussen de underfill en de
micro-bump, die zich weerspiegelen in cirkelvormige patronen in de stroomverschuiv-
ing voor n-type Si-componenten en in orbitale patronen in de stroomverschuiving met
gebieden van positieve en negatieve verschuiving voor p-type Si-componenten. Vei-
ligheidszones, verboden gebieden in Si voor het plaatsen van MOSFETs en andere
gevoelige componenten omwille van het effect van de underfill-micro-bump spanning,
worden voorgesteld. Voor n-type componenten worden cirkelvormige veiligheidszones
voorgesteld, voornamelijk boven de positie van de micro-bump. Voor p-type com-
ponenten worden rechthoekige veiligheidszones rond de positie van de micro-bump
voorgesteld, in de omgeving van maar niet direct boven de positie van de micro-bump.
Op basis van een experimenteel gevalideerd eindige-elementenmodel worden richtli-
jnen voorgesteld voor het verlagen van de mechanische spanning. Factoren die bijdra-
gen tot de verlaging van spanning in het Si zijn een toename van de dikte van de stukjes
Si, de keuze voor een underfill met lage spanning, het verlagen van de afstand tussen
micro-bumps, verlagen van de hoogte van de micro-bump en het groeperen van micro-
bumps in grotere reeksen. Door de implementatie van sommige van deze richtlijnen,
zoals een toename van de dikte van het Si en een kleinere afstand tussen de micro-
bumps, wordt een spanningsafname van 827 MPa tot 125 MPa vastgesteld doorheen
de geëvalueerde generaties van 3D-stapelingen.
De 3D-opeenstapelingen werden verder verpakt. De globale en lokale spanning in
Si, in het vlak en uit het vlak, gegenereerd na verpakking van de 3D-opeenstapeling
werd verkregen met MOSFETs op beide niveaus van stukjes Si. Het substraat van de
verpakking heeft een even belangrijke invloed op het genereren van spanning in het
Si en de buiging van de verpakking, als de mold compound. De uiteindelijke buig-
ing van de verpakking en de spanning in het Si zijn het resultaat van de interactie van
het substraat en de mold compound. Het verpakken oefent verschillende globale span-
ningspatronen uit op de twee gestapelde stukjes Si. Tussen de micro-bumps wordt een
drukspanning in het vlak waargenomen op het verdunde stukje Si en een trekspan-
ning in het vlak op het dikkere stukje Si. Er wordt een hoge spanning uit het vlak
waargenomen tussen de micro-bumps op het dikkere stukje Si. Lokale sensoren lieten
zien dat de spanningspatronen van de interactie tussen de underfill en de micro-bumps
behouden blijven na verpakking, en enkel in absolute waarde gewijzigd worden door
de interactie tussen het substraat en de mold compound.
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Chapter 1
Introduction
The introductory chapter lays the setting for this PhD topic. It mentions its field of
study, lays out the thesis objective and briefly lists the content of each chapter.
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CHAPTER 1. INTRODUCTION
1.1 Thesis objective
This PhD thesis finds its place within a particular field of microelectronics - three di-
mensional stacked integrated circuits (3D SIC). This work was performed from 2010-
2014 at imec, Belgium as a part of the 3D integration program.
The objective of this PhD thesis is to detect, describe and provide solutions for
thermo-mechanical effects of 3D IC stacking and packaging on the Si die front-end-of-
line (FEOL) in order to improve 3D IC stack/package performance. This objective is
channeled into the following main goals:
• Develop a sensor-based chip-package interaction (CPI) methodology for the FEOL
• Provide understanding and mitigation guidelines on the generated mechanical
stress to the FEOL in the vicinity of the microbumps after 3D stacking - referred
to as the underfill-microbump stress mechanism
Additional goals developed throughout the thesis include:
• Enable benchmarking of FEOL device stress sensitivities from scaling technol-
ogy nodes by applying stress calibration methodology used for stress sensors
• Monitor and interprete stress evolution after packaging of 3D IC stacks
1.2 Thesis outline
The following section gives an overview of the content of each chapter in this thesis.
Each chapter in this work is preceeded by a short abstract and followed by a summary.
Chapter 2 starts with a historical overview of 3D stacking of electronics leading
to its role in todays microelectronics industry. Thereafter, the contemporary technical
surrounding in which this thesis commenced is mentioned. Further on, a literature
overview related to 3D CPI is given including a section on FEOL stress sensors. The
chapter concludes by outlining the original contributions of this PhD thesis.
Chapter 3 initially describes the basics of the piezoresistance effect in Si and its
application to this work. This is followed by a presentation of the methodology for
stress sensor evaluation.
Chapter 4 lists all of the utilized analysis methods and techniques. These include
the finite element method (FEM), 4-point bending, nano-indentation, optical and me-
chanical profilometry and X-ray diffraction.
Chapter 5 presents a study on impact of stress to FEOL devices, from two points
of view. The first one being evaluation of stress sensors for usage in 3D stacking and
packaging applications and the second one benchmarking FEOL device sensitivities
with scaling from the 130nm technology node to the 32 nm technology node. The
devices characterized include MOSFETs, FinFETs and pseudo-Hall transistors.
Chapter 6 discusses a back-end-of-line (BEOL) out-of-plane stress sensor, as a
possible alternative to FEOL out-of-plane stress sensors.
Chapter 7 incorporates an in-depth analysis of the underfill-microbump stress
mechanism observed after 3D IC stacking. It covers fundamental understanding of
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the mechanism’s origin and monitoring its effect in the FEOL through 3 generations
of 3D stacks. Furthermore, the impact of the underfill-microbump stress mechanism
to IC layouts is discussed and guidelines for mitigation of its impact on the FEOL are
proposed.
Chapter 8 continues with an analysis of mechanical stress in the FEOL after pack-
aging 3D stacks. Stress was monitored in realized 2D and 3D packages, with particular
focus on local stress, related to the evolution of the underfill-microbump interaction,
and global stress across the die.
Chapter 9 summarizes the main findings in this thesis and proposes future work.
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Chapter 2
State of the art and beyond
Chapter 2 gives insight into the evolution of 3D integrated circuits through history and
summarizes studies related directly and indirectly to chip-package interaction (CPI),
until the commencement of this thesis. The introduction to 3D integrated circuits be-
gins with revealing its origins and first ideas of stacking electrical circuits in the 1950s
in section 2.1.1. The evolution of stacked electrical circuits and subsequently stacked
integrated circuits in the following decades is covered in section 2.1.2. Section 2.2
gives an overview of available literature related to CPI in 3D IC technologies. Section
2.2.1 focuses on 3D stacking and packaging while section 2.2.2 gives an overview on
mechanical stress sensors used to extract Si stress in microelectronics. Section 2.2.1
is further divided into 3 subsections. Section 2.2.1.1 discusses the thermo-mechanical
impact of the through-Si via (TSV) in Si dies, often not included in chip-package in-
teraction topics depending on considering the TSV an integral part of the die or a
stacking/packaging assembly step. Following the thermo-mechanical impact of TSVs
in Si, several 3D IC stacking methods studied until this point are presented in section
2.2.1.2. Section 2.2.1.3 summarizes work focusing on non-TSV related CPI topics in
3D ICs. Finally, after the historical and literature overview of 3D integrated circuits,
the contributions of this thesis are stated.
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2.1 Brief history of 3D integrated circuits
2.1.1 Idea of verticality
All engineering disciplines have several common goals they aspire to embody in their
systems. Some of the more prominent ones are certainly efficiency of the system, its
speed and its size. Achieving these qualities lies within the scope of the creativity of
the engineers and currently available technology. The first idea of vertically stacking
electronics came already in 1951 from the US Navy. What was then called ”Project
Tinkertoy”, envisioned one-component 0.625 inch wafers stacked on each other for the
sake of less consumed space and was thought would create a more tough and reliable
unit. A black and white photograph of the ”Tinkertoy” 3D stack is shown in figure 2.1
[1]. The conventional planar approach to circuit design, on the left hand of the photo,
was transformed to the vertical stack, on the right side the photo. It took another couple
of years for higher interest and wider implementation of this idea.
In 1957, the Radio Corporation of America developed a 3D stacked electrical cir-
cuit which was in later years extensively implemented in radio based devices and
started gaining commercial popularity. These stacks were made with 0.36-inch ce-
ramic wafers, twice as smaller than the ”Tinkertoy” and were connected by riser wires
soldered to solder ridges at the edge of the wafer. The entire module could be encap-
sulated and when assembled stood only 0.4 to 0.8 inch tall. Due to their minimalistic
dimensions they were named Micromodules. Figure 2.2 [1] depicts a multilevel Mi-
cromodule stack compared to a match, with visible interconnections on the sides of
the structure leading to the base. Interesting enough, although made 50 years ago,
these stacks visually resemble today’s idea of 3D stacking technology. Figure 2.3 [2]
presents assembled Micromodules on a PCB and a direct showcase of floorplan opti-
mization coming with it.
After millions of testing hours, the Micromodules proved to have soaring reliability
with RCA eventually noting they are 6 times more reliable than conventional transistor
based planar circuits of the time and 60 times more reliable than vacuume tube circuits,
still used in some industry segments then. The interest for Micromodules rose to 60
companies established within a couple of years specializing in their production for
specific electronics industry branches.
However, regardless of their advantages and hype they created in a short period
of time, micromodule development soon unexpectedly came to a halt. The event that
eventually lead to the downfall of Micromodules is the production of the first integrated
circuit by Jack Kilby of Texas Instruments in 1959. With devices capable of being in-
tegrated in silicon, the space consumption increased even more with immense potential
of technology scaling and further developement in speed and power. By 1964 the in-
dustry focus changed completely back to planar production which now made a turn to
integrated semiconductor circuits and started the era of system-on-chip (SoC) arhitec-
tures. The exact same year, IBM produced one of the first commercial logic integrated
circuit for their business computer line, the Solid Logic Technology (SLT), presented
in figure 2.4 [3].
It is interesting to mention that at the peak of Micromodule production in 1962
Earle F. Cook, chief signal officer of US army, then the main consumer of Micromod-
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Figure 2.1: Project ”Tinkertoy” 3D stack [1]
Figure 2.2: Micromodules 3D stack [1]
35
CHAPTER 2. STATE OF THE ART AND BEYOND
Figure 2.3: Encapsulated Micromodules embedded on a PCB [2]
Figure 2.4: One of the first commercially available logic ICs, IBM’s Solid Logic Tech-
nology [3]
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ules, made a statement where he foresaw integrated circuits and 3D stacking going
hand-in-hand and joining forces for future technologies. Cook noted that the micro-
modules would accommodate advanced integrated circuitry, "logically, through evo-
lution, rather than by revolution. Such developments normally mature bit-by-bit over
a protracted period of time, rather than suddenly appearing as an entire operational
system. The industry anticipates a long period of applications of the new devices in
hybrid combinations with conventional components" [2]. The micromodule program
was however completely shadowed by ICs, with 3D stacking type developments left
only for specific applications, out of commercial focus until the first years of the 21st
century, when the idea was fully renewed on a larger scale.
2.1.2 Evolution and diversity of 3D IC technology
The idea of verticality of circuits never vanished completely due to its attractive po-
tentials for size and performance enhancement and attempts have been made in the
meantime to apply the idea of verticality to integrated circuits. Studies on 3D inte-
gration of integrated circuits are consistently appearing again from the 1980s [4] and
through the 1990s [5] with different ideas for stacking methods. Several stacking tech-
nologies have been proposed ranging from highly integrated monolithic stacks [6-8]
to semi-integrated wafer level packaging (WLP) methods [9-11] and 3D packaging
methods with low integration that mechanically place chips on top of each other but
interconnect them off-chip, such as stacked Multi-Chip Modules (MCM) [12] and Sys-
tem in Package (SiP) types [13-15]. Monolithic stacks to this day seemed to mostly
remain on idea level due to the complex technology required to enable such processing
and interconnects. Stacked MCMs and in particular SiP became the most popular and
in fact widely used 3D packaging approach due to its relative straightforwardness and
simplicity, although still not frequently used in the commercial sector. Figure 2.5 [16]
shows an example of a stacked MCM, where stacking is performed on module level.
In this case, several packages are interconnected within one PCB and the PCBs sub-
sequently stacked on each other. Sophisticated stacking technology is not necessary
here and level of integration compared to other stacking methods is minimal. Figure
2.6 presents the other forementioned stacking technologies: a) SiP, b) WLP and c)
monolithic stacks [17].
SiP products consist of several packages acting as one. They can contain one or
more dies on each package strata where the dies are connected to the surrounding by
means of wirebonds or ball-grid arrays (BGAs). In the SiP illustration in figure 2.6 a)
a combination of wirebonds and solder balls is present, where some dies are connected
to their substrates with wirebonds, others with solder balls and the stratas are intercon-
nected solely with solder balls. WLP in essence relates more to the particular method
of stacking but it also reflects in the used technology to do so. In this case, stacking
assembly processes are initiated already on wafer level and dicing is done only after the
package has been completed. Figure 2.6 b) depicts imec’s ultra-thin-chip-scale (UTCS)
WLP, where large vias are used to interconnect vertical layers. Vias penetrating through
Si can be present here as well but in much larger dimensions and usually resembling
more to plate shaped interconnects rather than the later developed fully material filled
through-Si vias (TSVs). Monolithic 3D integration approaches stacking on transistor
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Figure 2.5: Stacked Multi-Chip Module [16]
level where only 100 nm or less of Si divides two stratas. The mismatch between the
required high level of integration and limited processing technology prevent this 3D
stacking approach to shift from prototypes to production. However, it still holds the
high potential label, as perhaps one of the future steps of 3D IC technology.
With the turn of the century and SiP and WLP being the most popular 3D IC tech-
nologies that made it to the market due to their straightforward and relatively complex-
free assembly process, the gap between harsh FEOL device scaling and interconnect
and packaging development was still widening. The development of FEOL technology
and the rapidly increasing amount of transistors per area has lead to communication on
a single die progressing at an extremely fast pace. Figure 2.7 presents Intel’s daily data
exchange forecast from 2012 encompassing data starting from 2005. Daily data traffic
can be already measured on exabyte scales and shows no signs of slowing down. The
number, design complexity and subsequent length of interconnects being processed on
one die was booming and it was clear that circuit speed and power consumption will
soon be bottlenecked by interconnects rather than FEOL innovations.
The stage has been set for a new interconnect technology and the focus has turned
to 3D stacked integrated circuits (3D SIC) with TSVs in focus. Research on TSVs
began first in the 1990s and micrometers wide TSVs penetrating through Si showed in-
dications for the potential to bring together both enhanced electrical performance and
mechanical assembly feasibility. The introduced TSV based stacks provides shorter
interconnects that bring faster speed and lower power consumption while the verti-
cal architecture allows parallel data processing taking some weight off of heavy data
traffic. Figure 2.8 illustrates a 3D SIC stack cross-section with several dies vertically
connected with TSVs. As TSVs ensure only connection of two Si sides, other intercon-
nects are also needed to link to other dies. More on 3D SIC, its features and problems
will be discussed in section 2.2.
3D SIC can be considered a compromise regarding integration feasibility. A signif-
icant integration step forward from SiP and WLP to enable IC performance enhance-
ment and a step back from monolithic 3D ICs to put processing feasibility and cost in
a more realistic perspective.
In summary, 3D SIC technology has the potential to provide the following advance-
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Figure 2.6: Contemporary stacking technologies: a) system in package (SiP), b) wafer
level package (WLP) and c) monolithic stacks. An SiP ranges several mm in height, a
WLP several hundreds of µm in height and monolithic stacks several hundreds of nm
in height.
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Figure 2.7: Intel’s daily data exchange forecast from 2012
Figure 2.8: An illustration of a packaged 3D IC stack. The 3D IC stack with several
Si dies can be below 100 µm or several hundreds of µm while the whole package is
usually below 1 mm.
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Figure 2.9: Study results presenting a) delay speed up and b) power savings on par-
ticular encrypted test circuits when embedded in 3D IC technology compared to 2D
processing [18]
ments to microelectronics:
• Shorter interconnects leading to lower power consumption and lower signal de-
lay and increased circuit speed (figure 2.9 [18])
• Smaller PCB footprint (figure 2.10)
• Heterogenous integration with a complete analog and digital system through var-
ious technology nodes, all within one package (figure 2.11)
This PhD thesis finds its place in the evolution of 3D ICs by focusing on chip-
package interaction (CPI) thermo-mechanically induced phenomena in 3D SICs and
their problematic impact on primarily the FEOL. From a wider perspective, this PhD
participates in one additional attempt to use the benefits of 3D stacking and develop it
for widespread commercial purposes. Only this time, 3D stacking does not seem just
like an option, but a technical necessity. It gaines even more importance considering
that few companies remain with funding capability for standalone investment in FEOL
scaling based IC performance enhancement. Interestingly enough, 3D SIC technology
research seems to have excelled coninciding with the 3D SIC stack prototype of the
Pentium 4 processor produced by Intel in 2004 [19] acting perhaps as a kind of trigger
directing focus on emerging technologies.
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Figure 2.10: 2D to 3D transition - floorplan savings
Figure 2.11: The potential of heterogenous integration within 3D IC stacks
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Figure 2.12: imec’s 3D IC stacking/packaging roadmap from 2007
2.1.3 Contemporary setting of the thesis
While BEOL interconnects have been following FEOL scaling from the start of micro-
electronics, microelectronic packaging advancements exhibited a slower development
slope, more often relying on older mature technologies. The 1990s brought first re-
search on new packaging technologies. During early development of full TSVs, UTCS
WLP packaging technology emerged, presented in figure 2.6 b) [10], which was more
technology friendly at the time. Dies could be stacked in several layers and were in-
terconnected with large vias. The dies were however not connected directly but with
interconnect circuitry placed around the die in the surrounding wafer layers. The first
turn to 3D SICs and beginning of publicly established 3D SIC programs is observed
from 2004 with one of the first thermo-mechanical publications including TSVs seen
in 2005 [20]. imec’s 3D integration roadmap from 2004 to the beginning of this PhD
in 2010 is presented in figure 2.12. It covered three types of 3D assembly: 3D SIP, 3D
WLP and 3D SIC. Table 2.1 summarizes the main characteristics of the 3 technologies
and quantifies their processing possibilities. Proposals were made for 3D SIP and 3D
WLP with focus on UTCS technology but majority of resources were turned to 3D SIC,
the representative of the shift form, with highest level of integration and most perfor-
mance increase potential. 3D SIC technology presented the first stacking technology
which starts already at Si foundry level.
Until the start of this PhD work in 2010, within the realm of 3D SIC, research
focused on a large scope of topics that would enable first stacked prototypes. This
includes TSV processing [21], initiation of studies related to TSV impact on the FEOL
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Table 2.1: Summary of main technical characteristics from the 3 contemporary 3D
stacking technologies: SIP, WLP and 3D SIC
[22] and BEOL [23], technology of stacking and stack type options [24-27]. Some of
the more prominent approaches followed until 2010 within 3D SIC follow.
Related to TSV processing::
• TSV first
• TSV middle
Related to stacking methods:
• Cu-Cu bonding
• Cu insertion bonding
• Microbumps
Related to stacking types:
• Die to die
• Die to wafer
• Wafer to wafer
In 2010, the 3D integration program within imec started assembling prototypes
which involve a TSV middle approach and die to die stacks with Cu-Sn based mi-
crobumps in between. The first 3D SIC prototype within the program was produced in
2010 where a thick DRAM was stacked on a 25 um thin logic die. A basic overview
and potential interest areas within the stack that were published at the time are shown in
figure 2.13. This PhD commences with the introduction of this first 3D SIC prototype.
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Figure 2.13: 3D SIC prototype in 2010 - DRAM on logic, coinciding with the start of
this thesis
2.2 Literature overview on CPI in 3D IC technologies
This chapter defines chip-package interaction in 3D IC technologies and proceeds to a
literature overview of CPI subtopics in the following way:
• Literature related to the topic of this PhD work, thermo-mechanically caused CPI
effects in 3D ICs and stress sensors, will be given only until the starting date of
this PhD work, in July 2010 in order to provide a clear impact of this PhD later
on
• Literature for a subtopic closely linked to this PhD, but not its integral part,
TSV impact on the FEOL, will be mentioned also beyond 2010 for an up-to-date
overview on the topic
• CPI effects in 3D ICs which do not have a thermo-mechanical origin are left out
in this overview
In general, chip-package interaction is a broad term and can cover any interaction be-
tween the chip and package which causes changes in chip/package performance or
chip/package failures. In 2010, 5 reliability domains within 3D ICs were defined, pre-
sented in figure 2.14:
• TSV
• TSV and its environment
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Figure 2.14: 5 reliability domains in 3D SIC technology defined in 2010 representing
3D SIC reliability topics needing immediate attention [I. De Wolf, K. Croes (imec)]
• Stacking
• Backside Processing
• Chip-Package interaction
TSV relates to the reliability issues of the TSV itself such as Cu instability, voids
and barrier/liner integrity. The impact of the TSV on its environment, FEOL and
BEOL, is encompassed in the second topic. Stacking and backside processing involve
reliability issues related to wafer or die thinning and post-TSV assembly methods of Si
stacking. Chip-Package interaction within 3D IC in a broad sense includes all interac-
tions between the 3D package and interconnection constituents and the Si die. In most
cases, this refers to thermal, thermo-mechanical or mechanical interactions within the
package. This literature overview will focus on thermo-mechanical CPI effects, as this
is the core topic of this PhD work. Stress sensor overview will be presented in a sep-
arate subchapter as stress sensor literature in 3D ICs is limited and due to the fact that
stress sensors in 3D ICs are often built on previous 2D experiences.
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Figure 2.15: Plastic deformation of Cu after thermal treatment - Cu pumping. During
BEOL processing Cu TSVs are exposed to high temperatures, the higher coefficient of
thermal expansion (CTE) of Cu forces it to expand more than Si. This causes compres-
sive stress in the confined Cu inside the TSV. This stress can partly be released near the
top of the TSV, by out-of-plane expansion of the Cu, named Cu pumping, which can
severely damage the BEOL layers. [23]
2.2.1 3D stacking and packaging
2.2.1.1 TSV impact
The impact of TSVs on their environment is at the borders of the CPI field. The TSV is
a part of the Si die and impacts its surrounding locally, namely, the BEOL and FEOL.
However, in essence the TSV is fundamental to 3D IC stacking and acts as a package
level interconnect between dies or dies and the package. Some of the most commonly
investigated thermo-mechanical impacts to the BEOL [23,28-31] and FEOL [22,32-35]
will be mentioned here.
The TSV is a Cu based nail running through the Si material. Cu deforms plasti-
cally and has a CTE approximately 7 times higher than Si. During a series of thermal
processes the TSV is submitted to during fabrication, the Cu and Si experience high
material expansion and shrinking mismatches which can lead to effects such as Cu
plastic deformation and material delamination.
Figure 2.15 taken from [23] illustrates the effect of Cu pumping where after ther-
mal treatment Cu deforms plastically leaving a Cu bump above the TSV. This effect, in
literature also referred to as Cu extrusion, Cu protrusion or Cu pop-out, causes defor-
mation in the BEOL in the TSV surrounding. Figure 2.16 [23] provides a Cu pumping
SEM image of the effect where the BEOL is seen bent following the TSV curvature.
During BEOL processing Cu TSVs are exposed to high temperatures, the higher coef-
ficient of thermal expansion (CTE) of Cu forces it to expand more than Si. This causes
compressive stress in the confined Cu inside the TSV. This stress can partly be released
near the top of the TSV, by out-of-plane expansion of the Cu, named Cu pumping,
which can severely damage the BEOL layers.
Another effect under investigation is delamination of TSV from its surrounding.
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Figure 2.16: SEM image of the Cu pumping effect seen on a die cross section [23]
Figure 2.17: Stress components arising during TSV heating and cooling capable of
initiating cracks. During heating shear stress occuring near the wafer surface will result
in delamination. During cooling, the delamination is driven by both the shear stress and
the radial tensile stress. [28]
During heating and cooling out-of-plane shear stress in combination with in-plane nor-
mal tensile stress in the TSV, referenced to the Si surface, can cause a mode II or
mixed mode fracture initiating delamination of the TSV. Figure 2.17 taken from [28]
illustrates the driving stress components during TSV heating and cooling that can be
responsible for crack initiation. Figure 2.18 [28] illustrates how the shear and normal
stresses during heating and cooling can ultimately lead to complete TSV delamination.
The previously mentioned Cu pumping effect after the cooling stage, related to the
BEOL more than Si, is also included in the illustration.
The thermo-mechanical behavior of a TSV has a direct impact on the FEOL as
well. After processing, the TSV cools down to room temperature and pulls on the sur-
rounding Si causing local stress. Figure 2.19 a) [34] points out the nature of the stress
in Si. In the surrounding of the TSV the stress components consist of radial tension
and tangential compression. Figure 2.19. b) [34] shows a SEM obtained cross section
of the TSV and its immediate surrounding. FEOL devices, in this image FinFETS, are
positioned within a couple of um from a TSV spanning 5um in diameter. Since Si is
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Figure 2.18: Illustration of shear and normal stresses during TSV heating and cooling,
shown in figure 2.17, leading to complete TSV delamination from Si. [28]
a piezoresistive material (Chapter 3), the electrical performance of FEOL devices can
change. Figures 2.20 a) and b) [34] present electrical measurements from planar tran-
sistors and FinFETs in the vicinity of a TSV. In this case, a TSV 5um in diameter and
50 um deep caused significant current shift in the FEOL devices ranging from several
percent to above 10 % as the devices get closer to the TSV. Furthermore, a different
impact level is visible when comparing device types and their relative position around
the TSV. Close attention is paid today to the amount of stress the TSV generates as well
as the sensitivity of different FEOL device types to stress. Evaluation of FEOL device
sensitivities to mechanical stress is a part of this PhD work as well, with the difference
that the study is further connected to other CPI effects as the TSV impact is primarily
studied in other work.
2.2.1.2 3D IC stacking options
As discussed in section 2.1.2 the evolution of 3D stacking exhibited various technolo-
gies for vertical placement and interconnection of Si dies. In 3D IC stacking electrical
connections are based on the positions of the TSVs. To this point 2 stacking approaches
have been studied to a larger extent:
• Direct Cu-Cu bonding [27,36-40]
• Cu-Sn based microbumps [41-43]
The Cu-Cu bonding approach involves direct connection of TSVs over Cu landing
pads. This provides a compact die stack with minimal space left in between dies and
direct connection of the TSV with the BEOL of the other die. Figure 2.21 [35] illus-
trates a 3-die stack of direct Cu-Cu bonded dies. If a flat Cu bonding pad is used, the
method is referred to as conventional Cu-Cu bonding. Figure 2.22 [39] gives an SEM
image of a Cu-Cu bonding cross section. A 25 um Si die with 5 um in diameter TSVs
is placed on Cu landing pads of the bottom tier.
An alternative approach to conventional bonding is insertion bonding. In this case,
instead of a flat Cu landing pad, the TSV is inserted in a Cu plated cavity. Figure 2.23
a) [27] presents a finite element model of the insertion bonding method. Next to it,
figure 2.23 b) [27] is a finite element model of the conventional Cu-Cu bonding with
flat Cu landing pads. Figure 2.24 [27] presents an SEM image of a prototype 3D IC
stack made with the Cu insertion method. The TSV fits within the Cu landing cavity
and additionaly deforms by thermocompression to create an electrical connection.
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Figure 2.19: a) nature of stress in Si around a TSV, b) FEOL SEM image indicating
proximity of FEOL devices to TSV [34]
50
CHAPTER 2. STATE OF THE ART AND BEYOND
Figure 2.20: Current shifts observed on FEOL devices due to proximity to a TSV: a)
n-type and p-type MOSFETs with current in [110] direction, horizontal, and current in
[-110] direction, vertical, and b) n-type and p-type FinFETs with current in [110] direc-
tion, horizontal, and current in [-110] direction, vertical. Current shifts on MOSFETs
and FinFETs are higher the closer they are placed to the TSV. [34]
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Figure 2.21: 3-die stack Cu-Cu bonding [35]
Figure 2.22: SEM image of a Cu-Cu bonding cross section [39]
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Figure 2.23: Finite element models indicating a) the basic principle of the Cu insertion
method compared to b) the standard Cu-Cu bonding [27]
Figure 2.24: SEM image of a Cu insertion bonded stack [27]
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Figure 2.25: Microbump after Cu-Sn bonding [43]
Figure 2.26: Advanced Cu-Sn microbump structures [41]
The second 3D IC stacking approach, that nowdays takes most of the attention
involves usage of microbumps. Microbumps are usually sets of circular multilayer
materials positioned between dies enabling vertical connection between dies. While
the same can be said for solder balls connecting a microelectronic package and a PCB
or for flip chip balls connecting dies with the laminate inside a BGA package, the
microbumps are smaller within a range of tenths of micrometers in diameter. The
2 constituent materials are Cu and most often Sn. The microbump consists of 2 Cu
pads, one on each Si side of the stacked dies, and Sn sandwiched in between the Cu.
Figure 2.25 [43] shows a cross section SEM image of a microbump after bonding
completion. Due to high temperature profiles during bonding the Cu and Sn react to
create a brittle Cu-Sn intermetallic. The intermetallic chemistry depends on several
factors, most prominent time of exposure on high temperatures. In general, initial Sn
transformation stages are characterized by Cu6Sn5 material while the transformation is
considered complete when all Sn is turned into Cu3Sn. Additional thin material films
can be added to this Cu-Sn structure such as Ni, as presented in figure 2.26 [41].
Microbumps are accompanied by usage of underfill material which fills the gaps
between the Si dies around the microbumps acting as Cu-Sn surface cleaner and stress
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Figure 2.27: Capillary underfilling stack procedure [42]
buffer layer. More on stress related to 3D stacking in the following section.
There are several ways of incorporating underfill in the 3D IC stack. Two used in
prototypes within this thesis are:
• capillary underfilling
• no-flow underfill (NUF)
The 2 procedures are presented in figures 2.27 and 2.28 [42], respectively. In the capil-
lary underfilling process, the flux ensuring good wetting and cleaning of Cu-Sn surfaces
and underfill placement and curing are done in separate processes. Firstly, flux is placed
on the bonding side of the bottom Si die. The top die is subsequently aligned with the
bottom one and pressure is applied until it reached a desired value. The structure is
now heated to temperatures up to 250ºC to allow Cu-Sn bonding. After the process has
finished and all flux used, underfill is dispensed in between the bonded dies as if it is
flowing through small capillaries of the stack. The stack is then submitted to another
heating stage for underfill curing.
The NUF is a flux filled polymer material that allows cleaning the bonding surfaces,
Cu-Sn joining and underfill curing at the same time. In this process, the initial reflow
process with flux is skipped and the underfill is placed immediately on the surface of
the initial die to be bonded. The top die is aligned with the bottom one and a thermo-
compression bonding with temperatures up to 250ºC occurs resulting in simultaneous
Cu-Sn bonding and underfill curing.
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Figure 2.28: No-flow underfill stack procedure [42]
2.2.1.3 3D IC CPI
Chip-package interaction in 3D IC technology can in some capacity be annotated to
the impact of the TSV as well (sections 2.2.1.1 and 2.2.1.2). However, its origin is the
interaction of the Si die and all the constituents of a package surrounding that Si die.
According to that definition, impacts are revealed after assembly steps subsequent to
die processing meaning susbsequent to FEOL, TSV and BEOL processing.
Along with the introduction of 3D IC technology, as one of the methods to decrease
signal delay and power dissipation, low permittivity dielectrics, referred to as low-k
materials, are being introduced in the BEOL. As much as these materials may enhance
the electrical performance of interconnects, they are mechanically very fragile. The
concern rises with their implementation in 3D stacks which can provide additional
mechanical loads to the BEOL compared to a 2D configuration, during additional 3D
assembly steps. The risk and analysis of implementing fragile Cu/low-k BEOL in 3D
IC stacks is being widely investigated [44-52] and is usually the first topic that occurs
in literature concerning CPI in 3D ICs. Stress generation, crack propagation and in-
situ failure analysis are investigated in finite element models and processed BEOL
prototypes. Figure 2.29 [48] shows an image of a 10-layer low-k BEOL where a typical
crack is observed, in this case fluctuating between layers M7 and M8.
Finite element models are employed to understand the occuring crack inititation
and propagation linked to low-k material. Figure 2.30 [48] presents an example of a
developed finite element model consisting of 4 submodels, starting from stack level
down to BEOL level. Submodels are utilized to tackle variations in dimensions from
package level to BEOL interconnect level and ensure fine meshing density on each
level. Running several submodels of a structure rather than one big model cuts down
on time and required simulation resources. This modeling approach is often refered
to as global-local modeling. Figure 2.31 [48] reveals the results of the finite element
model where the highest chance for crack propagation, based on obtained nodal release
energy (NRE) values, is observed in metal layers M7 and M8, consistent with findings
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Figure 2.29: Crack observed between the 7th and 8th metal layer in a 10-layer BEOL
[48]
from figure 2.29 [48]. NRE is related to fracture mechanics and is a measure of energy.
The nodal release energy is proportional to the energy release rate. The energy release
rate is the energy dissipated during fracture per unit of newly created fracture surface
area. The energy applied to the crack tip needed to initiate crack propagation is equal
to the dissipated energy during crack propagation. Crack propagation tends to occur at
the interface having a higher NRE value.
When it comes to 3D IC stacking, studies are mostly dedicated to the fundamentals
of stacking technology [53,54] such as thin wafer handling and alignment or research
is performed on the chemistry of microbumps [43,55-57]. Figure 2.32 [54] shows a
cross section of a 2-die stack joined with Cu-Sn based microbumps where the stack-
ing process was being optimized for fine pitch small microbumps, in this case 8um
microbumps with a pitch of 15um.
Furthermore, attention is being paid to the electrical functionality of the 3D IC
system in terms of designing system arhitecture and circuitry for 3D, determining sig-
nal propagation and testing particular circuit performances [58-60]. Closely related,
system level 3D IC test methodologies and accessibility of structures are discussed
[61,62]. Figure 2.33 and 2.34 present a study from [59] focusing on electrical modeling
of a TSV and microbump and signal propagation through them. Figure 2.33 a) presents
the basic schematic with the driver and load while figure 2.33 b) the expanded electrical
model for the TSV and microbump. Signal delay through the TSV-microbump struc-
ture versus increasing capacitive load CESD is presented in figure 2.34. In other studies
application of system architectures such as processor-memory interaction are explored.
Figure 2.35 [58] presents a microcontroler arhitecture developed for 3D IC technology
with several stacked DRAM layers on top of a processor layer.
To meet customer’s product-quality expectations, each individual IC needs to be
tested for manufacturing defects that might have incurred during many processing
and assembly steps in 3D IC [61]. These tests should be both effective and cost-
efficient. Figure 2.36 presents a testing concept flow discussed in [61] for wafer-level
and package-level tests, with respect to test contents and wafer-level probe access, and
the on-chip infrastructure required for 3D ICs.
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Figure 2.30: Finite element model built to investigate BEOL cracking [48]
Figure 2.31: Result of the finite element model indicating highest nodal release energy
(NRE) in the area of the 7th and 8th metal layers [48]
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Figure 2.32: Optimized fine pitch Cu-Sn microbumps [54]
Figure 2.33: Modeling signal propagation through a TSV and microbump: a) the block
schematic with inputs and outputs, b) the TSV and microbump equivalent circuit [59]
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Figure 2.34: Resulting delays from several TSV and microbump modeled cases [59]
Figure 2.35: Example of a developed 3D arhitecture for conventional 2D circuits -
several DRAM layers on top of a processor die [58]
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Figure 2.36: Testing concept flow for wafer level and package level tests [61]
The CPI review in this paragraph until now showed presence of studies related to
3D IC electrical properties, architecture concepts, materials and testability. Thermal
problems were not directly addressed as they are out of scope of this thesis. However,
thermal properties of 3D IC circuits are also one of the bottlenecks of this technology
and are a part of CPI. More information on thermal research in 3D ICs can be found
here [63-68]. A crucial component of CPI and for this thesis is thermo-mechanical
interaction. In publications prior to this thesis, thermo-mechanical CPI studies in 3D
IC were directed either directly to the BEOL [44-52], indirectly to UBM and BEOL
failures as a consequence of microbump impact [48,73], stress in the microbumps [55],
or monitoring of global thin die and stack warpages [71]. Review papers including
thermo-mechanical impact in 3D IC [69,70] state these topics, along with TSV impact,
as main concerns as well. Figure 2.37 taken from [71] points out a study focused on
warpage of a 50 µm thin die. The underfilling process can cause excessive warpage
that can cause inability of further stacking or packaging and increase TSV stress in
Si. Figure 2.37 a) gives the basic cross section schematic of the explored thin die on
substrate, while figure 2.37 b) presents an SEM image of the cross section with visible
warpage of the thin die. Figure 2.38 [72] presents a finite element model simulating
mechanical stress in a 4-layer 3D IC stack after dissipation of 0.25W on the bottom
side of each Si die. The 3D IC stack is assembled to a substrate and PCB. The points
of interest in the study are presented in further detail in figure 2.39 a) - c) [72]. Figure
2.39 b) indicates stress distribution in the solder balls, figure 2.39 c) indicates the stress
in TSVs and microbumps while 2.39 a) gives an overview on global stress in the dies.
The stress in the dies is mentioned to be uniform apart from the areas in the vicinity
of TSVs. The origin of the stress in Si is not elaborated or investigated in more detail
apart from linking the stress to TSV presence.
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Figure 2.37: Investigation of warpage of a thin Si die: a) Illustration of a thin Si at-
tached to a substrate and b) its realized counterpart [71]
Figure 2.38: Finite element model of a 4-layer 3D IC stack assembled on a substrate
and PCB. Stress is monitored after dissipation of 0.25 W on the bottom of each Si die.
[72]
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Figure 2.39: Stress points of interest of the finite element model after dissipation of
0.25 W on the bottom of each Si die: stress in a) dies on a general scale, b) solder balls
and c) microbumps. Local impact on FEOL is not investigated. [72]
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The thermo-mechanical impact on the FEOL was limited to the impact of TSVs
[22, 32-34, 69,70]. To the start of this PhD in July 2010, no CPI impact on the FEOL
within 3D SIC with origin other than TSV impact was explored.
2.2.2 Stress sensors
Si has a distinctive electrically measurable reaction to mechanical stress and many Si
based devices within microelectronics have utlilized this property. Metal based sen-
sors were also explored [74-80] however their implementation in the semiconductor
industry was limited due to their temperature instability.
Figure 2.40 categorizes piezoeffects in Si into 5 groups [81]:
• Piezojunction
• Piezotunneling
• PiezoHall
• Piezoresistive
• PiezoMOS
The piezojunction effect refers to the changes of the saturation current of a bipolar
transistor or a p-n junction under mechanical stress. It was revelead in 1951 and in-
vestigated most thoroughly in the 1960s when it was found that the effect is large for
high, anisotropic stresses. The study of the piezojunction effect and its consequences
for circuits and sensors is the main topic of [81].
The essence of the piezotunneling effect lies in the reverse-biased heavily doped,
shallow, lateral junction. The reverse current flowing through the lateral junction is
dominated by band to band tunneling and since strain in Si affects the energy and
shape of the bands, the tunneling depends on the stress. The temperature dependence
observed with the piezotunneling effect is an order of magnitude lower than with the
piezoresistance effect, however the sensitivity to stress is about 4 times lower when
compared to the piezoresistance effect.
The Hall effect is known to describe the impact of a magnetic field on electric
current. The Hall sensors use this effect to their advantage as the current sensitivity
to magnetic fields is altered under mechanical load. Hall stress sensors have a low-
temperature coefficient.
The piezoresistive effect is the most commonly utilized effect in solid-state sensors,
particularly in microelectronics as Si, as the most common material in the industry,
is fundamentally a piezoresistive material. The basis of the effect is the change in
material resistivity due to impact of mechanical stress. The piezoresistive effect and
piezoresistive sensors are intensively used within this thesis. Section 3.1 elaborates
on the piezoresistive effect in more detail while this section focuses on piezoresistive
stress sensors that were previously used in a certain form to measure the impact of
mechanical stress in ICs.
Regarding piezoresistive device types, Si resistors are the most explored ones due
to processing and integration simplicity. Resistor rosettes in various configurations
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Figure 2.40: Piezoeffects in Si according to [81]
were proposed in an attempt to capture all stress components in Si [82,83]. Figure 2.41
[83] presents a 4-element rosette on (100) Si surface, pointing in 4 different Si crystal
orientations. Equation 2.1 [83] presents the temperature compensated stresses that are
obtainable with this configuration, a difference of two in-plane stresses and one shear
stress. Temperature has a direct effect on stress extraction as the piezocoefficient values
pi connecting stress to resistivity shift are highly dependent on temperature fluxuations.
Measurement errors can be a consequence of several factors such as:
• Instability of temperature during measurement or variable temperature between
two measurements especially if measurements are repeated after longer periods
of time
• Calibration drift of measurement instruments
• Inaccuracy of temperature measurements
In equation 2.2 [83], the two in-plane stresses, σ ′11 and σ
′
22 can be individually ex-
tracted without temperature compensation, hence the addition of terms α1T , where
α represents the temperature coefficient and T the temperature. With respect to the
[100]/[010]/[001] reference frame pi p44 represents the p-type shear piezocoefficient, piS
stands for the sum of the p-type in-plane piezocoefficients pi p11 + pi
p
22 and piD for the
difference of the p-type in-plane piezocoefficients, pi p11+pi
p
22.
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Figure 2.41: Standard 4-element resistor rosetter as a stress sensor [83]
(2.1)
(2.2)
The same paper extrapolates a very useful general formula relating resistance shift
in Si for resistors in an arbitrary orientation on (100) Si wafers. In equation 2.3, the
relative resistance shift ∆RR is related to normal stress components σ
′
11, σ
′
22, σ
′
33 and one
shear component σ ′12 via combinations of piezocoefficients pi and the angle of rotation
on the Si surface, φ . φ = 0 implies the resistor placed on a (100) Si surface is pointing
in the [110] direction, as indicated on the accompanying figure in 2.42 [83]. Apart from
stress, resistance is sensitive to change of temperature as well, hence the αT terms at
the end of the equation. The impact of temperature on resistance shift is not negligible.
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Figure 2.42: Reference frame for equation 2.3 [83]
(2.3)
Other resistor based devices were also proposed, such as the Van der Pauw sensor
[84]. In essence, the Van der Pauw sensor in its most simple form is a square shaped
4-terminal resistor. Figure 2.43 a) and b) present some of the possible configurations of
the Van der Pauw sensor. The Van der Pauw sensors provide similar stress component
extraction capability in a more compact and scalable form [84].
The MOSFET is the most commonly used device in microelectronics and its sensi-
tivity to stress was initially investigated already in the 60s [81]. The mechanical stress
modifies the mobility of the majority carriers resulting in drain current shift. MOS-
FETs have not been often analyzed as stress sensors, still compelling literature on their
potential is available. Analysis has been done on individual MOSFETs [85,86] and
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Figure 2.43: Van der Pauw stress sensor configurations: a) p-type and 45 degrees ro-
tated n-type and b) functionality of two separate sensors combined in one [84]
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development of MOSFET based sensor circuitry [87-89]. Since doping has a large im-
pact on piezocoefficients (see section 3.1), MOSFETs have the potential to be more
sensitive than resistors due to their lightly doped channel region compared to often
heavily doped Si resistors [88]. Figure 2.44 a) and b) [85] present PMOS and NMOS
drain current sensitivity to stress results from 500 um channel transistors with current
flow in [110] direction. Several tens of MPa are reflected in a detectable several per-
cent of drain current shift. The advantage of producing MOSFET sensor circuits rather
than utilizing individual components is temperature compensation leading to temper-
ature compensated differential of in-plane stress components and an individual shear
component, similar to equation 2.1. Figure 2.45 [87] presents MOSFET circuitry pro-
posals for extracting the difference in in-plane stress components, figure 2.45 a) and
for extracting one shear stress component, figure 2.45 b).
Most recent studies on MOSFETs as stress sensors involve new conceptual designs
with devices unofficially labeled Pseudo-Hall transistors [90,91] due to their resemb-
lence to the Hall effect. Magnetic fields are however not involved in their operation.
Although they are also able to provide temperature compensated differences of in-
plane stress sensors and a shear stress component, they do so with integration in one
transistor, ommiting the need for a MOSFET circuit as in figure 2.45.
When mechanical stress is applied to MOSFETs, splitting, distortion, and shifting
of the energy band structure occurs [90]. The mobility tensor of the transistor exhibits
off-diagonal terms resulting in a pseudo-Hall electric field perpendicular to the direc-
tion of the drain to source current. This occuring potential can be measured as a stress
dependent value. Figure 2.46 [90] illustrates the operating principle. Presuming the
transistor channel with width W and length L is created, drain to source voltage VDS
results in current IDS. The application of stress to the channel causes an electric field
perpendicular to IDS which is measured as a potential drop, VpH . Figure 2.47 [90]
depicts the usual appearance of the pseudo-Hall sensor. The usually square shaped
channel is covered with a gate plate and contacted with four terminals in its corners,
two for the drain and source contact and the other two for the pseudo-Hall contacts for
VpH measurements.
Other stress sensors resembling pseudo-Hall sensors have been developed, such as
the one shown in figure 2.48 [92]. Although similar in appearance to the pseudo-Hall
sensor, this piezo-FET does not base its operation on the transverse electric field but
combines 4 separate MOSFETs in a Wheatstone bridge configuration within in one
sensor. The stress component outputs are the same as with the pseudo-Hall sensor,
temperature compensated difference in in-plane stresses and one shear stress compo-
nent. However, the addditional advantage of this piezo FET is that it is not sensitive to
outer magnetic fields.
In an attempt to extract individual stress components rather than differences in
stress components, this thesis incorporates usage of standard individual MOSFETs as
stress sensors having in mind that the surrounding in which they will be used, clean-
room or measurement lab, are under strict temperature control.
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Figure 2.44: Electrical response of MOSFETs to mechanical stress: current shift ob-
served with a) p-type and b) n-type MOSFET [85]
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Figure 2.45: MOSFET circuitry developed to extract temperature compensated a) dif-
ference in in-plane stress components and b) one shear stress component [87]
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Figure 2.46: Operating principle of a Pseudo Hall transistor, measurement of VpH per-
pendicular to current direction in conditions of applied mechanical load [90]
Figure 2.47: Stamdard appearance of a Pseudo Hall sensor, a square like gate covered
transistor with 4 terminals in its corners [90]
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Figure 2.48: Similar to appearance but with a different operating principle, 4 MOS-
FETs in a Wheatstone bridge configuration combined into one sensor [92]
2.3 Contribution of this thesis
With respect to the historical and literature overview in section 2.1 and 2.2, a set of
goals is given with which this thesis aims to continue to improve 3D SIC technology
and leave a mark in the scientific community:
• Study the impact of the underfill-microbump stress mechanism on the FEOL in
3D SICs, using primarily FEOL stress sensors and finite element modeling
• Propose underfill-microbump stress mitigation guidelines concerning its impact
on the FEOL
• Propose an evaluation methodology for stress sensors for 3D SIC CPI
• Evaluate and implement stress sensors in 3D SIC stacks and 3D SIC packages
in order to enable monitoring local and global stress trends occuring during 3D
SIC stack and package assembly
2.4 Summary
The idea of vertically stacking electrical circuits appeared already in the 1950s. Micro-
modules, stacked and packaged electrical circuits came to vast commercial production
and proved to have soaring reliability. Micromodule production was affected by the
invention of the integrated circuit in 1959. Although projected in 1962 that 3D electri-
cal circuit stacks and integrated circuits could go on simultaneously in production and
eventually meet to combine in one technology, micromodules were soon abandoned,
integrated circuits took all the attention. Consistent industrial interest for 3D stack-
ing of integrated circuits appeared again decades later, in the late 1990s and beginning
of 2000s. Multi-chip modules (MCM) and systems-in-package (SiP) appeared first,
where vertical placement of dies was observed on module level and lower level of in-
tegration package level, respectively. Wafer level packaging acted as an improvement
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of SiP technology with package level vias connecting vertical levels consisting of one
or more Si dies. All die-to-die interconnects were made off-die.
Monolithic 3D IC circuits, with stacking integration on FEOL and BEOL level
within one die, appeared as an idea already in the 1980s but have mostly remained on
idea level due to limitations of processing technology. 3D stacked integrated circuits
(3D SIC) started developing with first studies on through-Si vias (TSVs) in the 1990s.
A TSV enables direct vertical connection of dies within the die integrated circuit. Re-
search and prototyping of 3D SICs launched on larger scale and exhibited rising indus-
trial interest from 2004 coinciding with a TSV based 3D SIC prototype published by
Intel.
3D SIC technology compared to further development of 2D ICs promises shorter
interconnects, smaller PCB footprints and easier heterogenous technology integration
within one stack and package. Shorter interconnects increase the performance of the
system by decreasing signal delay and lowering power consumption.
Stacking options that have been explored until today include direct Cu-Cu bond-
ing including Cu insertion bonding and bonding with Cu-Sn based microbumps. The
most common process for vertically joining stacks with Cu-Sn based microbumps is
thermo-compression bonding. The underfill material can be dispensed after thermo-
compression, with capillary dispensed underfill, or prior to thermo-compression, with
no-flow underfill.
Today, from a thermo-mechanical viewpoint, particular chip-package interaction
(CPI) impacts are being investigated. Studies on reliability of microbumps are con-
sistently published. On die level, most attention is being paid to BEOL mechanical
integrity after package level assembly due to the increasing mechanical fragility of the
BEOL with introduction of low-k materials. Studies covering thermo-mechanical im-
pact on the FEOL are limited to the stress impact of TSVs. To the start of this PhD
in July 2010, no CPI impact on the FEOL within 3D IC, with origin other than TSV
impact, was explored. In relation to FEOL impact, this PhD reveals the impact of the
underfill-microbump stress mechanism on the FEOL, monitors its evolution on several
generations of 3D IC stacks and provides guidelines for its mitigation.
Several types of devices were used as Si stress sensors in microelectronics. They
can be grouped in one of 5 groups, depending on the Si effect they are based on:
piezoresistive sensors, piezo-MOS sensors, piezotunneling sensors, piezoHall sensors
and piezojunction sensors. Piezoresistive and piezo-MOS sensors are explored within
this thesis. Metal based piezosensors and in particular piezoresistive Si resistor rosettes
have been previously reported. Metal piezoresistor properties are highly dependent
on temperature. This PhD focuses on exploitation of FEOL active devices, primarily
MOSFETs as Si stress sensors. Applicability of FinFETs and pseudo-Hall transistors
is also assessed.
Following the historical and literature overview of 3D IC technologies and CPI
within 3D IC stacks, the contributions of this thesis are summarized in section 2.3.
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Piezoresistance effect and Stress
sensor evaluation
This chapter begins by introducing the piezoresistance effect, instrumental to linking
stress components and front-end-of-line (FEOL) device current shifts within this thesis.
Section 3.1.1 lays out the fundamentals of the piezoresistance effect, section 3.1.2 dis-
cusses the justification of utilizing the piezoresistance effect within this thesis and sec-
tion 3.1.3 discusses the versatile application of the piezoresistance model. Stress sen-
sors used in this thesis are based on the piezoresistance effect. Following the piezore-
sistance effect, evaluation of stress sensors is presented in section 3.2. The developed
and implemented stress sensor evaluation methodology is presented in section 3.2.1
and an introduction to the specific part of the evaluation, stress sensor calibration, is
given. Stress sensor calibration continues in detail in chapter 4.
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3.1 Piezoresistance effect
3.1.1 Fundamentals of the piezoresistance effect
The piezoresistance effect has been utilized in microelectronics from its discovery by
Smith in 1954 at Bell laboratories [93]. It stands as one of the milestones of IC tech-
nology as through the development of piezoresistive sensors, it propelled advanced Si
micromachining and paved the road to the creation of MEMS technology in the 1980s.
Due to its importance and usage, many papers on its theoretical background have been
written throughout the decades [94-99] and are still published today [100-104]. A
timeline is presented in figure 3.1 [100] illustrating advances in IC fabrication from the
1950s to the 21st century. The application of piezoresistance emerged together with the
the concept of ICs and developed hand in hand with Si advancements complementing
other Si processing technologies. Today, Si piezoresistance is widely used for various
sensors including pressure sensors, accelerometers, cantilever force sensors, inertial
sensors and strain gauges. The usage of piezoresistance in this thesis deviates slightly
from the established implementation within the MEMS industry. While keeping the
concept of utlizing piezoresistance for sensorics, it applies piezoresistance to sub 100
nm and advanced technology nodes.
Piezoresistance is in essence an effect describing change of resistance of a material
due to applied stress. In comparison to piezoelectricity, charges are not generated in
the process of piezoresistance. In general, the electrical resistance of a homogenous
structure corresponds to eq. 3.1
R = ρ
l
S
(3.1)
where l is the lenght of the resistor, S its cross-sectional area and ρ its resistivity. There-
fore, a change of resistance in a material can be a result of:
• Geometrical changes, related to the change of length l or cross-sectional area S
• Resistivity changes, related to shift of ρ value
Following that division, eq. 3.1 can be rewritten as
ΔR
R
= (1+2υ)ε+
Δρ
ρ
(3.2)
where υ represents Poisson’s ratio and ε applied strain. For silicon under applied strain,
the relative resistivity shift ,Δρ/ρ, is 50-100 times higher than the geometrical term
defined by l and S. Therefore, piezoresistance of silicon is based on its resistivity shift.
Resistivity for isotropic materials can further be written as
ρ=
1
q(nμn+ pμp)
(3.3)
linking resistivity to fundamental values of electron and hole mobility, μn and μp, along
with electron and hole concentration, n and p, and elementary charge q. From a physi-
cal viewpoint, application of stress/strain causes energy splitting in the conduction band
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Figure 3.1: Advances in IC fabrication with piezoresistance milestones [100]
77
CHAPTER 3. PIEZORESISTANCE EFFECT AND STRESS SENSOR EVALUATION
Figure 3.2: Redistribution of carriers under uniaxial stress
and shape distortion in the valence band. As indicated on an example in figure 3.2 uni-
axial stress causes stretching of particular silicon orbitals. This causes a redistribution
of current carriers, electrons and holes, moving to surrounding orbitals.
The mobility of carriers is described by
μ=
eτ
m∗
(3.4)
where τ stands for carrier scattering time to another energy state, m∗ its effective mass
and e the elementary charge. The shift of carriers to other orbitals affects their scat-
tering time which consequently reflects in a change of mobility. Finally, it can be said
that piezoresistance in silicon is a mobility shift of carriers, electrons and holes caused
by external mechanical stress. Furthermore, the mobility shift and resistivity shift can
be translated to electrical current. Ideally, in bulk material the piezoresistance effect
describes the impact of stress on material by a mobility shift which is directly linked to
a resistivity shift and ultimately a current shift:
−ΔI
I
=
ΔR
R
=
Δρ
ρ
=−Δμ
μ
(3.5)
In reality, materials are not homogenous and exhibit a certain degree of anisotropy.
In 1954, to mathematically model the piezoresistance effect for anisotropic materials,
Smith [93] used Bridgman’s tensor notation to link stress components and resistivity
components via piezocoefficients. Kanda [96-98] later generalized these relations re-
sulting in
Δρω
ρ
=
6
∑
λ=1
piωλσvλ (3.6)
where pi are the newly introduced piezocoefficients, σv mechanical stress with and ω
and λ the subscripts Kanda chose to indicate current orientation as a function of stress.
The silicon crystal lattice exhibits cubic crystal symmetry, as illustrated in figure 3.3.
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Figure 3.3: Cubic symmetry Si crystal lattice
This enables simplification of eq. 3.6 which leads to the standard model for the
piezoresistance of silicon:
(3.7)
Eq. 3.7 uses the standard notation of resistivity shift ∆ρ/ρ , piezocoefficients pi
and stress components σ in the [100]/[010]/[001] Si crystal reference frame. The Si
surface is defined by [001] direction while the [100] and [010] represent in-plane Si
crystal directions. The 6 independent stress components are linked to 6 independent
resistivity shifts through a matrix of 3 independent piezocoefficients. Figure 3.4 visu-
alizes 9 defined stress components and highlights the 6 independent stress components
acting on corresponding planes while in figure 3.5 the stress components are placed in
a setting of a Si die with a [100]/[010]/[001] reference frame. The 3 remaining stress
components are equal due to shear stress reciprocity. Stresses σ11 and σ22 are normal
in-plane stresses acting in the plane of the Si die surface. Stress σ33 is the normal
out-of-plane stress acting perpendicular to the Si die surface. Stresses σ12, σ23 and σ31
are shear stresses acting parallel to an observed surface. Shear stresses cause material
shape deformation while normal stresses preserve the shape and change the material
volume. Figure 3.5 includes an illustration of acting in-plane shear stress on the top
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Figure 3.4: The total 9 defined stress components and the highlighted 6 independent
stress components, acting on corresponding planes
Figure 3.5: Stress components are placed in a setting of a Si die with a
[100]/[010]/[001] reference frame
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surface of a structure. The structure shape is deformed while the volume is preserved.
Normal stresses cause deformation in a form of extension or contraction of a structure,
but not its basic shape. Tensile stresses are noted with a positive sign and compressive
stresses with a negative sign.
In a reference frame rotated from the [100]/[010]/[001] reference frame, the 6 inde-
pendent stress components are noted as primed. Stress components σ11, σ22, σ33, σ12,
σ23, σ31 become σ
′
11, σ
′
22, σ
′
33, σ
′
12, σ
′
23, σ
′
31. Throught the thesis the stress components
are attributed an alternative notation when refered to stress sensors with subscripts l,
t and v corresponding to longitudinal, transverse and vertical. These subscripts were
chosen to describe the orientation of the FEOL devices and applied stress relative to
stress sensor current flow regardless of Si crystal orientation. This notation will be
further discussed in section 3.2.2.
Piezocoefficients are the core of the piezocoefficient model and their values descibe
the effect of external impact of stress on the piezoresistance of anisotropic materials. A
set of piezocoefficients describes a material in any arbitrary direction. The sensitivity
of the material to stress changes depending on the direction of applied stress relative to
the Si crystal. Therefore, piezocoefficient values are direction dependent. Their value
is further impacted by:
• temperature
• concentration of carriers
Figure 3.6 displays the varying piezocoefficients at room temperature in a (001) Si
plane for n-type and p-type silicon depending on orientation of applied stress while
figure 3.7 shows the impact of temperature and doping concentration to piezocoeffi-
cients in n-type and p-type silicon according to Kanda [96]. In figure 3.6, pilong stands
for the Si piezocoefficient where stress was applied parallel to the monitored resistance
shift and pitran the Si piezocoefficient where resistance shift transverse to the applied
stress was monitored. In figure 3.7, P(N,T) stands for the normalized value of piezo-
coefficients. The real piezoresistive coefficient value is calculated by multiplying the
piezoresistive factor P(N,T) by the room temperature piezoresistive coefficient.
3.1.2 Justification of usage
The piezoresistance model, eq. 3.7, is an analytical linear model where stress com-
ponents are related to mobility shifts and subsequently device current shifts through a
system of linear equations. The model is used to characterize the electrical response
of Si based devices under mechanical stress and without deeper physical insight quan-
tifies the behavior of the stressed device. As such, it includes all possible effects to
alterations of electrical current as an effect of stress, which can in nature be both linear
and non-linear. Since the model is inherently linear, there are clearly limitations to its
usage. A primary limitation related to non-linearity lies in the amount of applied stress.
Under higher loads, the stress to mobility shift curve may harden and cease to be rep-
resentable linearly. For Si stresses above 1 GPa non-linear material response could be
expected.
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Figure 3.6: Piezocoefficients dependent on crystal orientation for a) n-type Si and b)
p-type Si [96,100]
Figure 3.7: Impact of temperature and doping concentration on piezocoefficients in a)
n-type Si and b) p-type Si [96,100]
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As an alternative to the piezoresistance model, the S-band model can be consid-
ered. The S-band model represents a physical lower level model implementing the
deformation of energy bands of a material and its immediate impact to material electri-
cal properties. Such a model provides an in-depth analysis based on physical principles
rather than the sole mathematical basis of the piezoresistance effect, but also stands as
a complex representation of material behavior that can be considered a topic on its
own. The piezoresistance model provides a straightforward and practical approach
while maintaining desired scientific meaning.
An experiment comparing the piezoresistance model and S-band model was per-
formed in order to gain insight in the piezoresistance model limitations. S-band sim-
ulations obtained by Synopsis Sentaurus were compared to in-house stress calibration
tests. Figure 3.8 shows mobility gain responses of Si in [110] direction with current
flow in the same direction and stress applied parallel, transverse and vertical to the cur-
rent flow, for n-type Si, figure 3.8 a), and p-type Si, figure 3.8 b). The dashed lines
represent the linear piezoresistance model while full lines represent the simulated val-
ues using the S-band model. The S-band model for both n-type and p-type Si shows
non-linear behavior mostly above 1 GPa of stress. The n-type and p-type S-band curves
closely follow the piezoresistance values under 1 GPa. The p-type S-band model shows
more deviation from the piezoresistance model in certain cases, however the simula-
tion was performed with a smaller amount of data points as well as exhibits a certain
instability.
It can be argued that other non-linear effects may have a significant role on the final
sensitivity to stress, most prominently mentioned in literature the threshold voltage of
a transistor. The origin of the problem lies in the question whether or not mechanical
stress has an impact on not just the mobility shifts in the Si bulk, but also on the thresh-
old voltage of the device. If the threshold voltage would be sensitive to stress, the over-
all current shift of the device would not only be a consequence of the mobility shifts
in the transistor channel but introduce non-linear behavior which is fundamentally not
covered via the piezoresistance model. Tests regarding stress impact on threshold volt-
age have been performed and are presented in Chapter 4. They showed no immediate
threshold voltage shift upon appliance of stress which gives further assurance for the
validity of the piezoresistance model.
3.1.3 Twofoldness
The piezoresistance model has a twofold role within this thesis. It was exploited as a
connector from stress to mobility shift and vice versa, mobility shift to stress. Ideally,
a set of piezocoefficients can provide information from two different perspectives:
• Extraction of mechanical stress - Devices sensitive to mechanical stress can be
used as stress sensors in which case their electrical responses are converted back
to stress in order to obtain information on the stress fields in the surrounding and
characterize a certain process
• Impact on FEOL devices - If stress is mentioned in the same sentence with
FEOL, usually this connects to deliberate implementation of stress/strain within
devices in order to boost their performance. This implies that the stress levels are
83
CHAPTER 3. PIEZORESISTANCE EFFECT AND STRESS SENSOR EVALUATION
Figure 3.8: Comparison of the piezoresistance model obtained through measurements
and S-band model simulated with Synopsis Sentaurus
known, the implementation process controlable and the device performance after
its implementation known. Additional processing after FEOL can induce unde-
sired additional stresses. In particular, packaging assembly phases, especially in
3D technology can have a significant impact. In that sense revealing the impact
of stress on FEOL devices and their sensitivity provides valuable information on
a technology node and device type. Obtaining FEOL device sensitivity to stress
is of high importance as it can have significant impact on the IC layout design
through introduction of proper keep-out-zones.
Chapter 4 elaborates on the findings of stress responses of FEOL devices from both
perspectives, while chapters 5 and 6 include further information on the specific ways of
usage of the piezoresistance model for collection of data on 3D stacking and packaging.
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3.2 Stress sensor evaluation
3.2.1 Methodology
Whether a device is specifically designed to be a stress sensor or if there is potential
for it to be exploited as one, a certain evaluation methodology is needed that will stan-
dardize the selection process. This methodology has to be general enough to cover
a variety of sensors, their types, orientations, operation principles etc. Therefore, all
devices used within this thesis that were considered as stress sensors or had potential
to be used as stress sensors, underwent the same evaluation procedure until sufficient
data was gathered to conclude on its usability.
The proposed and used evaluation methodology for mechanical stress sensors is
schematically presented in figure 3.9 . It can be grouped in three main parts each of
which consists of several tasks:
• Wafer level evaluation
– Test vehicles
– Stability measurements
• Stress calibration
– Idenfitication and sample preparation
– Calibration test
• Sensor usage
– Validation test
– Application
Test vehicles This methodology starts off by already implying existence of pro-
cessed devices awaiting evaluation. In the early stages of the thesis existing designs
already processed on particular test vehicles were taken into consideration as the idea
was to attempt to determine the usability of a large group of various different devices
in order to gain early knowledge on critical parameters for choice of stress sensors. Im-
plementing new designs implied significant allocation of resources and dedication of
chip floorplan solely to CPI. As at the beginning of the thesis 3D integration CPI was
in its beginnings, a dedicated stress test chip was not planned until a concrete insight
was established and until CPI stress sensor learning matured. Firstly, other key CPI
points such as fundamental thermo-mechanical simulations and investigation of stress
impact on the FEOL needed to be addressed. Furthermore, it was believed that through
several learning cycles and optimization, the current list of device designs and types
had potential to pave the way for CPI stress sensor methodology standardization.
The learning cycles, which were always in parallel with concrete feedback for
the development of the 3D CPI program and this thesis, were performed on 3 logic
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Figure 3.9: Stress sensor evaluation methodology
based test vehicles, ETNA, 3D 65 and FUJI, each a representative of its technology
node, 130nm, 65nm and 32nm, respectively. Subsequently, a stress dedicated test chip,
PTCQ, in 65nm technology, was designed from scratch where all the previous know-
how was implemented. The test chips are discussed more in section 4.7.
The selection of devices for evaluation on these intial three test vehicles was guided
by the following set of questions:
• Which stress component is addressed by these potential stress sensors (in-plane,
out-of-plane, shear)?
• Where are they positioned (FEOL, BEOL)?
• Which mechanisms or assembly steps could they potentially characterize?
• What is their size?
• What is their sensitivity?
Not all questions can be upfront straightforwardly answered with certainty, especially
sensitivity which is in fact the final outcome of the calibration stage, however literature
on piezoresistance of Si and 2D CPI provided sound indications for commencement of
device selection and evaluation.
This step also acts as preparation for electrical tests on the desired device under
evaluation. This primarily includes:
• Determining device operation
• Determining device connectivity
• Defining device biasing conditions
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Initial stability measurements Several factors can influence the performance of
a microelectronic device, only one of which might be mechanical stress. These factors
can be internal, related to the flaws in design or external, coming from the environment.
Since the device under question is at this phase tested on wafer level in laboratory
conditions, external factors are assumed to be negligible. These include parasitics of
the wiring, contact force, electro-magnetic interference etc. All wafers were measured
on a probe station with a 2x12 pin probe card as all devices were grouped in modules
with 24 pads for external connection. Therefore, the fluctuations in device performance
are in this case attributed to two main internal factors:
• Design quality - a device can be as good as its design allows it to be. This en-
compasses several steps in the device fabrication steps: fundamental knowledge,
material selection, layout, processing recipes and the quality of the processing
itself.
• Design tolerance - electrical current variabilities from device to device whether
they are in the same module, same die, another wafer or batch are unavoidable.
Invidividual design aside, each processing step operates within certain margins
of precision and contributes to operational inconsistency of devices if not taken
into account.
The standard procedure performed involved repeatibility measurements under biasing
conditions in which values were gathered from sensors. Electrical current of each
device was measured between 5 and 10 times. Regarding stress, this phase was con-
sidered as the equivalent zero stress state. If the device exhibited instability in a zero
stress state, it was considered unusable and was removed from further evaluation. The
exact criteria for stability evaluation depended on device type and its application. In
practice, if not visibly unstable or with major flaws, the device zero stress state stability
was compared to its stress sensitivity and subsequent conclusions were made.
Identification and sample preparation There is a series of steps throughout the
evaluation process followed by further steps in preparation for sensor application. The
number of devices can reach several hundreds per single module within one die alone.
It is crucial that all tests and measurements can be correlated to their particular wafer,
die, module and finally device. This necessitates software labeling of all devices during
corresponding measurements as well as physically labeling prepared samples in order
to ensure backtracking.
Regardless of the calibration type and tool used, isolation of individual dies by
means of dicing is present. Dicing results in the transition from one whole wafer rep-
resenting the distribution of samples to several tenths of standalone samples awaiting
further steps for calibration. During dicing a wafer or piece of wafer is placed on
sticky dicing tape held together by a metal surrounding frame. In order to decrease
the chance of sample mix up after dicing, it was requested that the cut wafer was left
on the dicing tape and returned as such so samples can be individually marked and
prepared for further preparation requests to other parties. This proved to be a neces-
sity in order to ensure that only the known good samples are used. Every accidently
picked non-functional sample that might have found its way to the actual calibration
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Figure 3.10: Die-to-substrate structure symbolizing the stress sensor in-plane stress
validation test
implies one group of measurements lost. Ensuring high yield of samples calibrated
compared to starting samples can be challenging from the technical viewpoint alone
and in general the sample preparation time consuming. Therefore, it is justifiable to
put in the additional effort to attempt to minimize personal and third party errors by
checking the identification of the samples between sample preparation steps and in
certain cases manually labeling them, even though at first glance this seems to be re-
dundant. A misunderstanding in sample identification can potentially lead to repetition
of the whole evaluation cycle. The particular sample preparation for calibrations will
follow in further subchapters, 3.3.2 and 3.3.3, respectively, together with the descrip-
tion of the corresponding tool while subchapter 3.2.2 deals with calibration notation.
The tools used for stress sensor calibration to specific stress components are:
• 4-point bending - in-plane and out-of-plane stress calibration
• nanoindentation - out-of-plane stress calibration
Sensor usage When a stress sensor was deemed viable for implementation, on
one hand, it was automatically considered for inclusion in the future dedicated stress
test chip, PTCQ, and on the other, the current test chip was forwarded for submission to
3D stacking or 2D packaging. The ETNA test chip was submitted to 2D packaging and
3D stacking, the FUJI test chip to 3D stacking while the PTCQ test chip was submitted
to all 3D assembly phases, 3D stacking and 3D packaging, along with 2D packaging
for gaining an overall 2D vs 3D picture.
Prior to 3D stacking or packaging application, a final test was performed referred to
as the validation test. The aim of this test was to simulate a realistic stress environment
for the stress sensors but using a simple enough environment which can be relatively
easily confirmed by other techniques. The comparison of the results obtained from
the stress sensors with results given by other techniques benchmarked the stress sensor
operation and provided a final validation of its usability.
The validation test was fully developed for in-plane stress sensors using a single
chip sattached to a substrate, as in figure 3.10. Functional dies were selected through
initial wafer level electrical measurements and submitted to dicing. Each die was
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Figure 3.11: Quarter symmetry finite element model of the die-to-substrate structure
square shaped and attached at room temperature to a square shaped substrate twice
the size of the die by means of a die attach, in such a way that the sensors on the die
were facing upwards and positioned in the center of the substrate, die edges parallel
to substrate edges. Such a still loose structure was placed in the oven for die attach
hardening resulting in bond stiffening. During cooling of the structure, the higher CTE
of the substrate, compared to Si CTE, caused convex bending of the die-to-substrate
structure which resulted in in-plane stresses on the surface of the die. The electrical
results gathered from the sensors, before and after this die bonding, were compared to
results obtained by finite element modeling and interferometric profilometry measuring
the die warpage. The final die-to-substrate structure is shown in figure 3.10, where a
10.5x10.5 mm full thickness 700 μm ETNA die is glued to a 0.8 mm plastic substrate.
The selected die attached necessitated 2h of baking at 150ºC followed by cooling to
room temperature.
The development of the die-to-substrate structure involved two main action points:
• Choosing die substrate material and defining its thickness
• Assessing the impact of die attach thickness on stress levels within the Si die
The substrate material and thickness was chosen based on parametric finite element
models. The main selection criterion was production of detectable stress levels on the
Silicon surface, preferably above 100 MPa. The proposed substrate materials were
plastic and copper. The finite element model of the die-to-substrate structure with only
a quarter of the structure simulated because of inherent symmetries, is presented in
figure 3.11, while the material properties used are shown in table 3.1. Values are taken
from datasheets apart from the plastic substrate which was approximated. All materials
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Table 3.1: Die-to-substrate finite element model material properties used
Table 3.2: Parametric study of substrate material and thickness selection. Maximum in-
plane stress from the center of the top Si surface versus substrate material and thickness.
were modeled as isotropic. Table 3.2 presents the obtained stress results in Si, extracted
from the center of the top side Si surface. A plastic substrate of 0.8 mm thickness was
chosen as it provided representable stress levels and was easier to section in pieces
from bulk compared to copper. Figure 3.12 contains top side Si surface stress patterns
represented in quarter symmetry. The two in-plane stresses are distributed uniformly
across the whole die and change only close to its edges while the shear stress and
out-of-plane stress is insignificant.
3.2.2 Calibration
Calibration of stress sensors presents one of the fundamental aspects of this thesis. This
is in a large majority done with the 4-point bending setup. The outcome of the cali-
bration are the stress sensitivity coefficients referred to as piezocoefficients, explained
in the previous chapter of piezoresistance. Obtaining a particular piezocoefficient pro-
vides the link between a certain stress component and the current shift of the FEOL
device. As initially mentioned in chapter 3.1 it is assumed that under moderate levels
of stress in silicon (approximately under 1 GPa) the current shifts are proportional to a
linear combination of acting stress components, therefore eligible for representation via
the linear piezoresistance model, eq. 3.7. The piezoresistance itself describes the linear
dependency of the relative resistivity shift of a material to mechanical stress. The rela-
tive resistivity shift basically originates from the relative mobility shifts of electrons or
holes, respectively. In pure silicon, the relative mobility shift can be directly related to
current shift, however in FEOL devices, the current shift can potentially be impacted by
several other factors, threshold voltage shift being the most mentioned one. In general,
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Figure 3.12: Quarter symmetry representations of in-plane, out-of-plane and shear
stress on the top Si surface
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Figure 3.13: Si crystal orientations on a Si wafer. A Si wafer typically has a [001]
surface with devices oriented 45º from the standard Si crystal orientations. This places
the FEOL devices with current flow in either [110] or [-110] direction.
when substituting relative mobility shift with relative current shift in piezoresistance
formulas, piezocoefficients become stress sensitivity factors which include all factors
with linear impact to current shift caused by mechanical stress which are not known at
the moment of calibration. Therefore, even without an in depth analysis of the possible
contributions to current shift, besides mobility shifts and threshold voltage shifts, the
piezocoefficients are a reflection of the real stress state the FEOL device finds itself in
and the particular electrical response to surrounding stress.
If we consider the typical Si wafer surface to hold [001] orientation and the two
most typical orientations for FEOL devices to be [110] and [-110], as indicated on the
schematic in figure 3.13, the piezoresistance effect for devices in these two orientations
notated with respect to the crystal directions of importance can be described with the
following sets of functions:
ΔI110
I110
= pi110σ110+pi−110σ−110+pi001σ001 (3.8)
ΔI−110
I−110
= pi−110σ110+pi110σ−110+pi001σ001 (3.9)
ΔI110/I110andΔI-110 /I-110represent the relative current shift responses for devices
with current flowing along the [110] and [-110] axes, respectively, as a consequence of
the in-plane stresses σv110and σv-110 acting along the same axes and out-of-plane stress
σv001acting along the [001] axis, perpendicular to the Si wafer surface. The type and
severity of impact is determined by the corresponding linking piezocoefficients pi110 ,
pi-110 and pi001 .
With respect to the impact of stress on FEOL devices, a more convenient notation
than the one from eq. 3.8 and eq. 3.9 is used throughout the thesis. Subscripts l,
t and v standing for longitudinal, transverse and vertical are used, respectively. This
notation refers to the orientation of the FEOL device and direction of stress relative
to the FEOL device current flow. An orientation of a device in, for instance, [100] or
[110] direction implies its current is flowing in [100] or [110] direction, respectively.
If the initial direction of the FEOL device current flow is labeled as longitudinal, a
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direction 90º from this one in the plane of the Si surface can be labeled transverse and
a direction 90º perpendicular to the plane of the Si surface can be labeled vertical. For
a FEOL device with current flow in longitudinal direction, stress σl is then the stress
acting parallel to the device current, stress σt is the stress acting transverse to the device
current in the plane of the Si surface and stress σv is the stress acting perpendicular to
the device current normal to the plane of the Si surface. Piezocoefficient pil then links
the impact of stress σl to current shift, piezocoefficient pit then links the impact of stress
σt to current shift and piezocoefficient piv then links the impact of stress σv to current
shift. These notations are meant to be used regardless of the Si crystal reference frame.
For instance, in case of a [100]/[010]/[001] reference frame and a device current
flow in [100] direction, [100] would be the longitudinal direction, [010] the trans-
verse direction and [001] the vertical direction. In case of a 45º rotated reference
frame, [110]/[-110]/[001], with device current flow in [110] direction [110] would be
the longitudinal direction, [-110] the transverse direction and [001] the vertical direc-
tion. Therefore, eq. 3.8 and eq. 3.9 in its adapted form in which they are reffered to
throughout the thesis look like:
ΔI1
I1
= pilσl +pitσt +pivσv (3.10)
ΔI2
I2
= pitσl +pilσt +pivσv (3.11)
The relative current shifts are chosen to be notated with digits 1 and 2 to keep in
mind at all times that two separate devices are in question.
3.3 Summary
The piezoresistance effect is a fundamental effect in Si linking mechanical stress to
resistivity and resistance shift in Si. In essence, applied mechanical load impacts the
mobility of current carriers, electrons and holes. A linear model considers anisotropy
of resistivity in Si and connects 6 independent stress components, in-plane stress, out-
of-plane stress and shear stress, to material resistivity shifts over a matrix of piezoco-
efficients. Piezocoefficients define the stress sensitivity of Si in arbitrary directions.
Piezocoefficient values change with direction of applied stress, doping levels in Si and
temperature. Related to direction of applied stress, the resistivity shift is impacted by
the relative direction of the applied mechanical load to the resistivity under observation.
Within this thesis, the linear piezoresistance model, originally developed for bulk
Si, is applied to describe the stress behavior of FEOL devices. In this case, the piezo-
coefficients represent the stress sensitivity of the whole device. For Si based FEOL
devices, such as MOSFETs, their drain to source current is directly proportional to
electron or hole mobility. The piezoresistance model applied to FEOL devices now
links independent stress components, with device piezocoefficients, to device current
shift. Although with application of the piezoresistance model FEOL devices, it is still
assumed that current shifts are primarily caused by mobility shifts in device channels,
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other impacts to current shift can be included. The piezoresistance model can be con-
sidered valid for FEOL devices as long as all impacts as a consequence of mechanical
load, contribute linearly to the final current shift.
As an alternative to the piezoresistance model, the S-band model can be consid-
ered. The S-band model represents a more physical model encompassing the defor-
mation of energy bands of a material and its immediate impact to material electrical
properties. Such a model provides an in-depth analysis based on physical principles,
but also stands as a complex representation of material behavior that can be considered
a topic on its own. The piezoresistance model provided a straightforward and practical
approach while maintaining desired scientific meaning.
A stress sensor evaluation methodology is proposed and implemented within the
thesis. Its 3 phases are wafer level evaluation, stress calibration and sensor usage. Dur-
ing wafer level evaluation, the stability of the device is assessed with no external loads
applied. If the device exhibits sufficient electrical stability, it can proceed to the stress
calibration phase. Stress calibration involves current shift monitoring during applica-
tion of a controlled external mechanical load. Device piezocoefficients can then be
extracted as a result of stress calibration which describe the sensitivity of the device
to in-plane, out-of-plane and shear stress. If the device exhibits sufficient sensitivity
to stress it can be submitted to a validation test. The validation test, where possible,
is the final step before sensor application in a real environment. The Si die with pro-
cessed stress sensors is placed in a simplified and known stress environment. Stress
is extracted with stress sensors and compared to other stress extraction methods using
techniques such as profilometry or finite element modeling.
In-plane and out-of-plane stresses are noted throughout the thesis in 2 different
ways. When stresses are generally discussed or in terms of a finite element simulation,
they are linked to the notation by Smith. In a standard Si crystal [100]/[010]/[001]
reference frame the two in-plane stress components and out-of-plane component are
refered to as σ11, σ22 and σ33, respectively. In an rotated reference frame, such as
the [110]/[-110]/[001] reference frame frequently used in microelectronics rotated 45º
from the standard Si crystal refrence frame, the in-plane stress components and out-of-
plane stress component are refered to as σ ′11, σ
′
22 and σ
′
33, respectively.
When stress components are refered to the stress sensors, since sensors are often
placed 90º degrees to each other, in longitudinal and transverse direction, the in-plane
stress components and out-of-plane stress component are refered to as σl , σt and σv,
respectively. The corresponding piezocoefficients then follow this notation as pil , pit
and piv, respectively. The subscript l stands for longitudinal, t for transverse and v for
vertical corresponding to the orthogonal reference frame the sensor is placed in.
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Methods and techniques
In this chapter, all the methods, techniques and their corresponding tools are presented.
Firstly, a basic description of each utilized technique is given followed by a section on
their application within this thesis. Sample preparation is summarized related to each
method and technique, where applicable. The chapter discusses in order of appear-
ance: the finite element method (FEM), 4-point bending, nano-indentation, optical
and mechanical profilometry and X-ray diffraction.
95
CHAPTER 4. METHODS AND TECHNIQUES
4.1 Finite element method
4.1.1 Basic description
”The limitations of the human mind are such that it cannot grasp the behaviour of its
complex surroundings and creations in one operation. Thus the process of subdividing
all systems into their individual components or ’elements’, whose behaviour is readily
understood, and then rebuilding the original system from such components to study its
behaviour is a natural way in which the engineer, the scientist, or even the economist
proceeds” [105]. With these sentences O.C. Zienkiewicz, one of the original authors of
the finite element method, and R.L. Taylor, start their introduction to the method that
has from its origins more than 40 years ago until today become fundamental in simula-
tion softwares in many industrial branches from aerospace, automotive, manufacturing,
energy to electronics, chemical, consumer and other modern industries [106].
A sequential summary of modeling the continuum with a finite element process
follows:
1. Continuum discretization and node assignement - diving the continnum into fi-
nite elements and defining the connection between integration points and nodes
of elements
2. Element matrixes - building matrix equations expressing the properties of indi-
vidial elements
3. Assembly - Obtain system equations by assembling the overall system of indi-
vidual element properties
4. Boundary conditions - Modifying system equations by taking into account the
imposed boundary and loading conditions
5. Solution - Processing the set of simulatenous equations in order to calculate the
nodal values of the problem
6. Post-processing - Often needed to calculate other parameters connected to the
main equation solutions
Application of the finite element method to a problem produces a representation of the
real state and acts as an approximation of the actual structure behavior. With this in
mind, it has to be said that the realism of the final results depends on the quality of the
built model. There are several aspects of the model that are critical to result credibility:
1. Meshing - During continuum discretization, areas with higher gradients are more
critical than others and require denser meshing for more accuracy in the particu-
lar region. Furthermore, the type of elements used and their shape after meshing
can change the final values which implies they need to be addressed accordingly.
2. Material properties - Even if the mesh is optimal, the degree to which the struc-
ture will react to its environment is defined through the properties of constituent
materials. There are several ways of obtaining material properties for the model,
from pure assumptions if material data is not known to datasheets or in-situ ma-
terial measurements.
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3. Loading and boundary conditions - Since the meshed structure is initially in free
space, applying boundary conditions controls the degrees of freedom of the struc-
ture and with it its reaction to the applied loads. The right boundary conditions
can also cut the size of the model considerably saving valuable computation time.
When considering the applied loads, the final results are mere direct outputs ex-
cited by the initial conditions and applied stresses to the structure. Obtaining
more fundamental details about the process which is being modeled and there-
after the choice of the load type, way of application to the structure and the value
of the load need to be carefully considered.
4. Solution algorithm - The finite element model is in essence a mathematical model
designed to solve a complex set of differential equations. The algorithm used to
handle this large system, i.e. variations of the Newton-Rhapson procedure and
additional options available to the user, i.e. number of simulation steps, can
prove to be the difference in model convergence and substantially impact the
model resource and time consumption.
4.1.2 Usage in this thesis
All simulations performed in this work were conducted using MSC.Marc commer-
cial finite element method software [107]. MSC.Marc is used as the solver, while
MSC.Mentat is used as the pre and post-processing software. Its primary usage in
this thesis lies within the field of thermo-mechanical interaction of materials where the
solutions to problems represent stress and strain distributions within a continuum.
Selected features of the finite elements models built in this thesis are mentioned in
the following lines:
• Representation of results - The standard output of finite element models in this
thesis are mechanical stress components, as indicated in figure 3.4. The notation
of the stress components is discussed in section 3.1.1 and 3.2.2. When referring
to finite element models, stress components are noted with the digit represen-
tation as in figure 3.4, while when referring to stress sensors, the normal stress
components are noted with letters l, t and v, as in eq. 3.10 and eq. 3.11. Apart
from individual stress components, major principal stress is also used to point
out stress concentrations within a structure. The major principal stress outputs a
maximum absolute value of the normal principal stresses.
• Usage of subroutines - Apart from reviewing stress related results, in order to im-
plement the piezoresistance effect subroutines are used to calculate current shifts
in N-type and P-type silicon from the surrounding stress state. The equations im-
plemented standardly neglect the impact of out-of-plane stress unless otherwise
noted. Furthermore, sets of equations are implemented for both standard device
orientations, [110] and [-110], respectively. The basic set of equations for an
arbitrary crystal orientation are presented below, where σl and σt respresent lon-
gitudinal and transverse in-plane stress in the direction of and perpendicular to
the current flow I , together with their corresponding longitudinal and transverse
piezocoefficients, pil and pit , respectively.
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Figure 4.1: Idealized stress/strain curve implemented for copper
ΔIN
IN
= piNlσl +piNtσt (4.1)
ΔIP
IP
= piPlσl +piPtσt (4.2)
• Modeling material properties - Without getting into the calculation algorithms
behind the software, two properties of materials used in finite element models
should be mentioned, material uniformity and plasticity. Firstly, silicon was
modeled as isotropic in the models where out-of-plane stress/strain was consid-
ered not to play a vital role and orthotropic where the out-of-plane component
was thought to have a tangible impact to the final values. Furthermore, linear
elastic models used extend to the non-linear regime in situations where plasticity
is applied for copper. Plasticity is implemented with a piecewise linear function,
an idealized work hardening stress/strain curve, as shown in figure 4.1.
4.2 Delaminator
4.2.1 Basic description
The delaminator is a high precision micro-mechanical test system with a primary func-
tion of providing controlable mechanical tension or compression. Simple in nature,
light, portable in size and with straightforward operation, it is a practical and widespread
tool particularly in material science, extending its reach further to microelectronics as
well. The standard delaminator setup used is a DTS (Dauskardt Technical Services)
delaminator test system with full computer control and data analysis. Figure 4.2 shows
the delaminator with its main parts. The heart of the tool are the ultra high resolution
linear actuator and load cell, where the actuator provides and monitors displacement
towards or away from the load cell and the load cell itself stays fixed monitoring the
applied mechanical load. The load cell and actuator are enforced with two steel pillars
grasped around by cubic metal weights, one of which is moveable to enable an arbitrary
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Figure 4.2: Delaminator illustration [108]
starting position of the actuator. This mechanical stiff frame plays a role in improving
test stability and measurement yield.
Figure 4.3 presents the utilized delaminator setup, with the delaminator tool in the
bottom right corner and according supporting equipment and computer control in the
top left. The possible speed of the actuator spans from 20 nm/s to 3 mm/s, while the
maximum withstandable load on the load cell is 222 N. For safety reasons, the load on
the actuator is software limited to 180 N. This load can only be applied in the direction
of the displacement axis. The specified operational temperature range is from -15ºC to
65ºC.
The delaminator can be used to perform a great variety of tests and apart from its
straightforward operation, it owes its diversity to the exchangable clamps. The clamps
are attached separately, mostly do not require extensive design time, replaced easily
leading to fast adaptation for subsequent test enablement.
The most common usages of the delaminator are the following:
• Adhesion tests
– mode I fracture: Double Cantilever Beam (DCB)
– mode II fracture: End Notch Flexure test (ENF)
– mixed fracture: 3-point or 4-point bending test (3-4PB)
• Ultimate tensile strength test (UTS)
• Young’s modulus test
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Figure 4.3: Delaminator setup and its components stationed in the lab
4.2.2 Usage in thesis
Within this thesis, the delaminator is used as an in-plane and out-of-plane stress sensor
calibration tool. The following paragraph explains the sample preparation for 4-point
bending and adhesion tests followed by its usage as DCB tool.
4.2.3 4-point bending
4.2.3.1 Sample preparation 4-point bending stress calibration
The delaminator is used as the 4-point bending tool for the following calibrations:
• Calibration of in-plane stress
• Calibration of out-of-plane stress
In-plane stresses imply the ones acting in the plane of the die surface, while out-of-
plane implies the direction perpendicular to the die surface.
In-plane stress calibration In-plane stress calibration requires a fairly lengthy sam-
ple preparation process and follows the following main steps:
1. Die selection
2. Dicing
3. Wirebonding
4. Test setup
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Once a device has been cleared for calibration after the stability measurements, par-
ticular dies and their total number have to be chosen. The total number of calibrated
devices and in that sense the number of dies chosen is a trade off between statistics and
total preparation and measurement time. The nature of the setup is such that it neces-
sitates samples usually larger than the one die size. This is due to the dimension of the
4-point bending clamps where the larger of the two are on a distance of 30 mm.This
means that in order to apply adequate in-plane stress samples need to be larger than 30
mm in length. The inner clamps stand apart 15 mm, which implies that devices under
calibration and area covered by wirebonds to them should not exceed 15 mm in length,
however this dimension was in practice never an issue. The height of the clamps is
10 mm which implies there is a risk of unadequately applied in-plane stress and local
stress anomalies if the sample is considerably higher than the clamps.
Dicing is performed in such a way that the total silicon sample is larger than 30
mm in length and that die scrib lines are followed. Usually for each device under
calibration horizontal and vertical samples are made. These are used for stress applied
in parallel with the current flow of the device, referred to as longitudinal devices, and
perpendicular to the current flow of the devices, referred to as transverse devices. An
optimal dicing pattern needs to be made on the wafer or part of wafer designated for
device calibration.
Once dicing is finalized, each sample consists of approximately 3 to 5 dies, with
the middle die holding the modules and devices of interest. After isolating the samples
from the wafer the selected module or modules need to be electrically connected to the
outside world while at the same time maintaining mechanical robustness of the whole
sample for later bending. These demands are met through the process of wirebonding
where up to 24 wirebonds are made from the die pads to 24 pads on one side of a
flexible substrate. Conductive lines run through the flexible substrate to its other end
where its 24 pads are fixed into a socket. Prior to the wirebonding process, this flexible
substrate needs to be glued to the non-active back side of the Si sample. The socket in
which the flexible substrate is tucked into is a part of a PCB to which external SMUs
are connected for biasing and sensing.
An example of a sample made, with 5 dies in a Si strip, wirebonded to the flexible
substrate and placed into the socket is presented in figure 4.4. A magnification of the
wirebonding area is shown in figure 4.5., where a 2x12 module is fanned out to the 24
pads of the flexible strip. Such a Si strip is placed in between the bending clamps of
the 4-point bending tool, as shown in figure 4.6. The alignment of the sample with the
clamps is done manually, such that the PCB is vertically adjusted to the level where
the Si strip concides with the clamp position and horizontally adjusted so that die of
interest is within the boundaries of the inner clamps. The in-plane stress calibration
commences with electrical monitoring of the wirebonded devices during bending of
the Si strip with help of the 4-point bending clamps. The whole process is rather tricky
and if not done carefully, can result in shorts or opens of the wires.
The delaminator records the force-displacement curve from the sample bending.
Applied in-plane stress is calculated as sample bending stress, according to eq. 4.3.
σv=
3(L2−L1)
2BH2
P (4.3)
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Figure 4.4: Prepared 4-point bending sample for stress calibration
Figure 4.5: Magnified view of 4-point bending sample wirebonding area
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Figure 4.6: 4-point bending sample between the clamps of the delaminator
Figure 4.7: 4PB in-plane stress calibration illustration with according markage of ge-
ometry necessary for stress extraction [108]
where P represents the applied force, L2 and L1 the distances between the outer
and inner clamps, respectively, H the thickness of the sample and B the width of the
sample, as illustrated in figure 4.7.
Out-of-plane stress calibration Calibration of a device to out-of-plane stress re-
quires the same steps as elaborated in the previous chapter during in-plane stress cal-
ibration, with particular differences in the dicing, wirebonding and test setup stages.
Firstly, dicing is performed to isolate individual dies. These dies are placed in fan-type
ceramic lidless through hole packages and wirebonded to the surrounding pads on the
package lead frame. Such a package is placed within a socket to which external con-
nections for SMUs are made. The socket with a package fixed inside is placed on a
chuck type platform which represents one of the clamps of the 4PB tool. The other
clamp consists of an aluminium cyllindric pillar with which force was applied to the
sample. A silicon cube, dimensions 2.5x2.5x0.8 mm was placed between the Si die
and the cyllindric pillar for even distribution of stress on the die area below the cube.
Therefore, stress was applied by displacement of the cyllindrical clamp and applica-
tion of force on the Si cube lying on the area above devices of interest for calibration.
Figure 4.8 depicts the overall 4-point bending out-of-plane calibration setup and fore-
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Figure 4.8: a) Out-of-plane stress sample calibration and b) magnification of the area
around the metal pillar and Si cube
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Figure 4.9: Illustration of an indenter pushing into the sample [109]
mentioned parts. For this purpose, the 4PB setup was placed vertically so that the
sample lies horizontally while the cyllindric clamp applies force through downward
motion perpendicular to the die.
4.3 Nano-indenter
4.3.1 Basic description
Indentation is the most commonly used technique to extract mechanical properties of
materials. The advantages of carrying out indentation tests are its simplicity and speed
of execution. In essence, a hard tip, of which mechanical properties are known, is
pushed into a sample whose properties are unknown, as indicated in figure 4.9. Based
on the known properties of the tip and leftover indentation mark on the sample, material
mechanical properties are calculated.
A nano-indenter is a more sophisticated advancement of a regular indenter. Its
purpose is to extend the ability of extraction of mechanial properties of materials in
the nanometer and micrometer range and to provide information on material prop-
erty changes with size. Samples are measured in small material volumes while high
resolution instruments are used to control and monitor the indenter applier force and
resulting displacements in the materials. A standard output of the nano indenter and a
basis for calculation of the desired material properties is the load-displacement curve,
presented in figure 4.10, obtained during both indenter intrusion and withdrawal from
the material. The load displacement curve enables obtaining material properties with-
out imaging the leftover indentation mark. The most frequently nano indenter extracted
material properties are hardness and Young’s modulus.
4.3.2 Usage in this thesis
The nano indenter used was an MTS Nano Indenter XP. Its main components are pre-
sented in figure 4.11. and listed below:
1. MTS Nano Indenter XP
2. minus k vibration isolation table
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Figure 4.10: A typical load-displacement curve obtained by the nano indenter [109]
Figure 4.11: Main components of the MTS Nano Indenter XP setup
3. vibration isolation cabinet
4. Piezo controller for the NanoVision option
5. Continuous Stiffness Measurement control unit
6. data acquisition/control unit
7. monitor
8. CPU
9. Illuminator
Due to the high sensitivity of the system to the environment, parts 2 and 3 act as vibra-
tion isolators and in addition, ensure thermal and sound protection. The NanoVision
option enables 3D profilometry on a micrometer range area primarily used for pin-
pointing the position of the indenter tip, while the Continous Stiffness Measurement
control unit represents supporting hardware for an option of the tool to measure mate-
rial hardness as a function of depth.
The nano indenter setup consists of two indentation systems, the standard XP in-
dentation system and the dynamic contact module (DCM). The basic difference be-
tween these two systems is in their performance. The DCM system is more precise
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MTS Nano Indenter XP specifications Standard XP DCM
Displacement resolution 20 pm 0.2 pm
Maxiumum indentation depth 500 μm 15 μm
Load resolution 500 nN 1 nN
Maximum load 500 mN 10 mN
Table 4.1: Main specifications for the MTS Nano Indenter XP setup
Figure 4.12: Spherical sapphire tip
in force and displacement control but with lower maximum load. The main specifica-
tions for the MTS Nano Indenter XP and its two indentation systems are presented in
table 4.1. Due to the necessity of applying higher forces during the vertical calibration
of devices than the ones managable by the DCM system and the indifference towards
specified resolution, the standard XP system was chosen for measurements.
4.3.3 Sample preparation
The ease of usage of the nano indenter extends to the simplicity in sample preparation
as well. A sample, small piece of wafer or die, is mounted on a metal stand of several
cm across via an adhesive. Mostly a simple epoxy is heated up on the metal stand at
approximately 120 ºC followed by sample placement. Alternatively, ordinary candle
wax can be used for adhesion and melted on the stand with temperatures around 60 ºC.
The heat transfer and mechanical effects during sample mounting are negligible. Prior
to indentation, an appropriate indentation tip has to be selected. For vertical calibration
tests, a spherical 250 μm in diamater sapphire tip was used, shown in figure 4.12.
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4.4 Profilometers
4.4.1 Basic description
Profilometers use various techniques to gain info on the topography of a given surface.
Within this thesis, two types of profilometers were used: optical and mechanical. Apart
from their direct output of a geometry of a sample they are often used to indirectly
gain other values. The most prominent usage that had effect on this work are die
warpage scans and the transformation of die curvature to mechanical stress via the
Stoney equation. Die warpage scans were performed by optical profilometry while
mechanical profilometry was used for warpage scans of outer package surfaces.
4.4.2 Optical profilometer
Optical profilometers are non-contact surface profilers based on interferometry that re-
sult in measurements of a wide range of surface heights. The advantages of the optical
based profilometer compared to the mechanical one is its wide scanning resolution
adaptibility and capability of penetration through transparent materials. The measure-
ments were performed with a Veeco Wyko NT3300 tool. The basic components of an
optical profilometer are shown in figure 4.13 while figure 4.14 depicts the basic opera-
tion principle. The Veeco Wyko tool can be adjusted for usage of one of the two basic
technologies:
• Phase-shifting interferometry (PSI)
• Vertical scanning interferometry (VSI)
In PSI, a white light is filtered and passed through an interferometer objective to the test
surface. The interferometer beamsplitter reflects half of the incident beam to the ref-
erence surface wthin the interferometer. The beams reflected from the test surface and
the reference surface recombine to form interference fringes. During the measurement,
a piezoelectric transducer linearly moves the reference surface a small, known amount
to cause a phase shift between the test and the reference beams. The system records the
intensity of the resulting interference pattern at many different relative phase shifts and
then converts the intensity to wavefront (phase) data by integrating the intensity data.
The phase data are processed to remove phase ambiguities between adjacent pixels and
the relative surface height can be calculated from the phase data as follows [111]:
h(x,y) =
λ
4pi
ΔΦ(x,y) (4.4)
The VSI represents a newer technique and shares the basic principles with PSI:
light reflected from a reference mirror combines with light reflected from a sample
to produce interference fringes, where the best-contrast fringe occurs at best focus.
However, in VSI mode, the white light source is filtered with a neutral density filter,
which preserves the short coherence length of the white light and the system measures
the degree of fringe modulation, or coherence, instead of the phase of the interference
fringes [111].
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Optical mode Height Resolution
PSI 160 nm 1 nm
VSI 2 mm 3 nm
Table 4.2: Optical profilometer mode specifications
Figure 4.13: Basic components of an optical profilometer [111]
The slightly different operational modes of the Wyko system reflect more signif-
icantly in its applicability. In general, the PSI mode is finer and used for smoother
areas. VSI is a rougher technique used to cover more prominent changes in surface
heights. A basic performance regarding range and resolution of PSI and VSI tech-
niques is summarized in table 4.2. Height refers to the largest vertical distance the
profiler can accurately measure while resolution refers to the smallest vertical distance
that can be accurately measured. Since the primary usage of the optical profilometer
was warpage measurements across the die which deformation values are found in the
µm range, VSI was standardly used for all measurements. Figure 4.15 shows an exam-
ple of a VSI surface scan of a ring type um range deformation, while figure 4.16 shows
its extracted curvature along a particular path. Such curvature graphs in terms of die
warpage are later used for transformation to stress in silicon.
4.4.3 Mechanical profilometer
The mechanical profilometer serves the same purpose as the optical and has similar
range and resolution performance. The main downside of the mechanical profilometer
is its inherent operational principle of being able to investigate only surfaces it is in
direct contact with while the optical profilometer analyzes surfaces through any trans-
parent material, such as often used SiN die passivation. The mechanical profilometer
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Figure 4.14: Basic operational principle of an optical profilometer[111]
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Figure 4.15: Surface scan of a ring type deformation[111]
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Figure 4.16: Extracted curvature from a specific position on the ring deformation [111]
Figure 4.17: DEKTAK XT Stylus setup stationed in the lab [110]
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Mechanical mode Range Resolution
DEKTAK 1 mm 1 A˙
Table 4.3: DEKTAK XT Stylus specifications
is used within the thesis for profilometry of outward package surfaces.
The Bruker DEKTAK XT Stylus tool, displayed in figure 4.17, was used as a me-
chanical profilometer. Its basic properties are mentioned in table 4.3. Samples do not
require any specific preparation.
4.4.4 Transformation of warpage to stress
The deformations obtained from profilometers can further be analyzed to establish a
connection to stress. G.G. Stoney in 1909 derived a formula that describes stress in
a two material stack plate system with uniform thicknesses [112] depending on the
bending curvature of the system, presented in eq. 4.5 and illustrated in figure 4.18.
σv f =
Esh2s r
6h f (1−υs) (4.5)
Stoney’s formulation states that the stress in a film, σ f , on top of a substrate can
be approximated using the material thicknesses of the film, h f , and of the substrate, hs,
respectively, the substrate’s Young’s modulus Es, Poisson’s ratio υs and the curvature
of the structure r. The equation is built on the following assumptions [113]:
1. The film and substrate thicknesses, h f and hs, are uniform, the film and substrate
have the same radius r and h f  hs r.
2. The film and the substrate are homogenous, isotropic and linear elastic
3. The stress states in the film are in-plane isotropic or equibiaxial (two equal stress
components in any two mutually orthogonal in-plane directions) while the out-
of-plane stress and shear stresses vanish.
4. The system’s curvature components are equibiaxial (two equal direct curvatures)
while the twist curvature vanishes in all directions
5. All surviving stress and curvature components are spatially constant over the
system’s surface
Stoney’s equation is widely spread within engineering disciplines and extensively
used for obtaining stress values in films from experimental curvature measurements.
In its very simple form, it provides a very practical formulation necessitating variables
which are usually well known allowing straightforward data collection. However, it has
its limitations and is in essence a formulation bounded by the previously mentioned 5
points. Although in practice, all of these points are rarely satisfied, Stoney’s equa-
tion still provides valuable first hand data and continues to be regularly used with its
limitations and certain degree of error in mind. A fundamental property of curvature
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Figure 4.18: Warpage of a two material system and the accompanying values for stress
calculation on the film surface
adds to the appeal of Stoney’s equation. In case of a perfect circle, the curvature is
constant throughout the curve and equals to the inverse of its radius, eq 4.9. Warped
film-substrate structures are often approximated as circles in order to make use of this
property.
κ =
1
r
(4.6)
In reality, samples are not homogenous films and contain local structures. The
validity of application of Stoney’s equation is stretched when utilized to extract local
stresses on a small area approximated as a circle type curvature. Further attempts have
been made to address problems in point type usages of Stoney’s equation and enhance
its accuracy [113].
4.5 X-ray diffraction
4.5.1 Basic description
X-ray diffraction is a well known material inspection technique that finds it applications
spanning through many domains from medicine to engineering. Today still evolving
and adapting to usage in new technologies and fields, its origins date back to the begin-
ning of the 20th century when von Laue, Friedrich and Knipping in 1911 discovered
the phenomenon of diffracting X-rays in rock salt [114]. Following this discovery W.L.
Bragg linked X-ray diffraction to evenly spaced sheets of atoms in crystal lattices in-
troducing an equation mathemetically representing cases in which the diffractions will
be constructive [115]. What is today known as Bragg’s law and main formulation for
constructive reflection of electromagnetic waves in crystals is presented in eq. 4.7
nλ = 2dsinθ (4.7)
where λ is the wavelength of the incident wave, θ its angle with the lattice sheets,
d the interplanar spacing of the diffracting planes and n an integer representing the
order of diffraction. In essence, Bragg’s equation relates the distance between crystal
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sheets and wavelength of the incident wave to the incident angle needed for constructive
diffraction.
Within this thesis, the changing diffractive properties of X-rays are used to gain
information on the stress and strain in Si encapsulated in a microelectronic package.
A primary advantage of X-rays to other stress/strain inspection techniques such as me-
chanical/optical profilometers or Raman spectroscopy lies in its inherent ability of deep
penetration through materials which allows a non-destructive analysis very appealing
for investigation of mechanical effects in microelectronic packages. The results ob-
tained with X-ray diffraction are a result of individual experiments during a PhD in-
ternship at GLOBALFOUNDRIES and a novel technique labeled X-ray diffraction
3D surface modeling (XRD-3DSM), developed and utilized by Dublin City University
(DCU), where measurements were also performed.
4.5.2 XRD-3DSM technique
The XRD-3DSM is a novel technique for non-destructive analysis of strain/warpage
inside completely encapsulated chips developed by DCU. Originally, the technique ne-
cessitated a synchrotron X-ray source [116,117] undermining widespread implemen-
tation, however latest efforts led to development of a non-destructive laboratory-based
XRD tool [118]. The lab-based XRD-3DSM consists of a data reconstruction technique
which monitors the 004 symmetric rocking curve (RC) full widhts at half maximum
(FWHM) as a function of position across fully encapsulated packages [118]. Rocking
curves, or ω-scans, are X-ray scans of specimens where the detector is placed at the
center of the diffracted Bragg angle and the changing diffracted intensity is monitored
while rotating, or ”rocking”, the specimen around the Bragg angle. The specifics of the
lab-based XRD-3DSM technique are:
• during RC scans, the detector angle is fixed at twice the Bragg angle of the crystal
planes of interest
• the incident X-ray beam is reduced to 250x250 μm by using horizontal and ver-
tical slits in order to ensure a high spatial resolution
• a series of line scans are performed across the sample in steps down to 200 μm
which are later converted to 3D warpage maps
A standard XRD-3DSM analysis starts by collection of rocking curves about the Bragg
angle of Si 004 reflection. The sample is rotated around the [110] direction with respect
to the Si surface normal [001] as indicated in figure 4.19. In this way, the FWHM of
the RC is directly related to the lattice misorientation or in other words warpage of the
Si die. Figure 4.20 a) shows an RC obtained from warped Si with a broadened FWHM
while figure 4.20 b) depicts an RC of a flat Si die with a narrow peak around the Bragg
angle. This comes from the fact that warpage creates a certain curvature of Si crystal
planes resulting in a range of reflected angles for which the Bragg law is satisfied.
The rocking curves are obtained spatially throughout the Si surface and used to
create an RC map. Figure 4.21 a) shows an RC map of a package Si die, scanned
in 12 steps of 200 μm across its bottom edge. The map shows a variation of RC peak
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Figure 4.19: Basic XRD principle and rotation directions used in standard XRD scans
[118]
Figure 4.20: a) an RC of a warped Si die with a broadened FWHM and b) RC of a flat
Si die with a narrow diffraction [118]
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Figure 4.21: a) RC map of a warped Si die inside a package and b) an RC map of flat
Si die [118]
Figure 4.22: FWHM line extracted from an RC map scans [118]
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Figure 4.23: Surface mesh created from FWHM line scans depicting warpage over the
whole Si surface [118]
positions (ω−ω0) indicating presence of warpage. The diffraction angle on the left part
of the Si die, where x<1.2, is larger than the angle in the center of the Si die (ω0), while
it decreases on the rigth part of the Si die. These particular shifts of the diffraction
angle point out that the die is warped in a convex shape. Figure 4.21 b) presents an
RC map of an unwarped Si die taken under the same conditions, where the diffraction
angles remain the same throughout the die.
Therefore, the diffraction angle shifts visualized in RC maps can reveal the pres-
ence of warpage and its type, which is already useful in terms of non-destructively
obtaining first indications of the Si die shape. However, members of DCU took a step
further from here and went on to analyze the FWHM stating that just the diffraction
angle shifts are not precise enough for a deep insight into the deformation and identify-
ing highly distorted regions of the Si die. An approach was developed where each RC
of the RC map was analyzed according to its FWHM and transformed into and FWHM
line scan, as presented in figure 4.22.
Several RC scans are made in parallel to each other from the bottom edge of the
Si die to its top edge and transferred to FWHM lines. Each FWHM line is represented
with a spline curve forming a continous line and these spline curves in the end used to
form a surface mesh, as shown in figure 4.23. Such a surface mesh represents a model
created from direct measurements on the Si surface and provides detailed information
on its lattice misorientations and warpage.
4.6 Test vehicles
In total 3 test chips, referred to also as test vehicles, were utilized in this thesis. Their
names are ETNA, FUJI and PTCQ. These test chips were produced within the 3D
integration program of imec. The ETNA, FUJI and PTCQ test chips were produced in
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130 nm, 32 nm and 65 nm technology, respectively. The values 130 nm, 32 nm and 65
nm refer to the minimum feature sizes possible to process in that technology node. The
standard definition for the value attributed to the technology node is the half-pitch of
first level interconnect dense lines in dynamic random-access memory (DRAM) cells
[119]. This however is not the smallest feature size processed on the chip. The smallest
feature size on the chip relates to the gate length of a transistor. For instance, for a 130
nm technology node, the minimum processed half-pitch of first level interconnects is
130 nm, however the minimum transistor gate length is 90 nm [119].
The ETNA and FUJI chips are logic based test chips processed to investigate logic-
on-logic and memory-on-logic behavior in 3D SICs. The PTCQ test chip is a mechan-
ical stress dedicated test chip designed to monitor stress in Si after 3D IC stacking and
3D IC packaging. Transistors of interest were calibrated to stress on all 3 test chips.
The ETNA test chip was stacked on a memory chip creating 2-die logic on DRAM
prototypes. Since the stack is flipped when packaged, the packaged version is usually
refered to as DRAM on logic. The FUJI test chips were stacked on each other creating
2-die logic-on-logic prototypes. The PTCQ test chips were single-die packaged in 2D
technology, stacked on each other creating a 2-die 3D SIC and packaged in a 3D SIC
package.
4.7 Summary
Usage of finite element analysis:
• predict mechanical stress in Si after 3D IC stacking and 2D and 3D packaging
• by utilizing test obtained transistor piezocoefficients, transfer simulated stress to
transistor current shift
• compare with other stress extraction techniques
• upon finite element model validation with other stress extraction techniques, pro-
vide guidelines for stress reduction in Si
Usage of the delaminator:
• as a 4-pt bending tool to apply controlled in-plane stress during stress sensor
calibration
• to apply controlled out-of-plane stress during stress sensor calibration
Usage of the nano-indenter:
• as an alternative to the delaminator for applying controlled out-of-plane stress
during stress sensor calibration
Usage of profilometers:
• to determine the warpage of a Si die, 3D IC stack or package
• both a mechanical an optical profilometer is used, for double-check
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• by obtaining the curvature of a die, using the Stoney equation, calculate stress in
Si
Usage of X-ray diffraction:
• to determine warpage of packaged Si dies
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Chapter 5
Impact of mechanical stress on
the Front-End-of-Line
In this chapter, the impact of mechanical stress on FEOL devices is analyzed. The
sensitivity of FEOL devices to stress is assessed from two points of view: to study the
nature of stress impact on several types of FEOL devices through scaling technology
nodes and to determine their suitability for CPI stress sensors. The motivation for
assessing stress sensitivities of FEOL devices is introduced in section 5.1. Stress sen-
sitivity of MOSFETs is analyzed in section 5.2. MOSFETs are calibrated to in-plane
and out-of-plane stress in sections 5.2.1 and 5.2.2, respectively. Section 5.2.3 discusses
in-plane stress extraction by means of MOSFETs. FinFETs and pseudo-Hall devices
are calibrated to in-plane stress in sections 5.3.1 and 5.3.2, respectively. Additional
studies on the in-plane stress sensitivity of MOSFETs are performed. Section 5.4 com-
prises tests of MOSFETs in a biaxial stress environment. Section 5.5 discusses impact
of temperature on MOSFET sensitivity to stress. Section 5.6 discusses the need for
stress calibration at high stresses and summarizes work on Si strength enhancement.
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5.1 Impact of mechanical stress on scaling technology
nodes
As discussed in sections 3.1 and 3.2, Si has a distinctive reaction to mechanical stress
which can be measured as electrical current shift. This implies that all devices made
on a Si basis exhibit a certain sensitivity to stress and that the FEOL may experience
an impact from the mechanical stress generated in its surrounding. Stress in the FEOL
has the ability to change the performance of FEOL devices and consequently circuits
pushing them beyond their operating limits. A 3D IC environment introduces novel
assembly steps and stress mechanisms, which can have a direct effect on Si.
The first experience of stress impact on FEOL in 3D IC, which became the basis of
this thesis, was observed on the logic on DRAM prototype stack produced by imec in
2010. Figure 5.1 illustrates the 3D IC stack. A thin 25 μm Si logic die was stacked on
a full thickness 700 μm memory die involving a thermo-compression bonding process
using 13 μm high Cu-Sn microbumps and no-flow underfill material. The thermo-
compression bonding was performed at 250 ºC. A 16x16 array of n-type MOSFET
transistors with a channel width to length ratio of 800 nm by 600 nm processed in
130 nm technology were placed on the top side of the thin Si die, directly above the
microbump. The projected microbump contour on the top Si surface is drawn as a
yellow circle on the layout image of the FET array in figure 5.1. Another array of the
same configuration was placed far away of the microbump, considered as a reference
FET array. This means that the current shifts of the array above the microbump were
referenced to the mean current value of the reference array transistors.
The drain currents of the reference and microbump FET arrays were measured after
stack bonding and subsequent cooling to room temperature. Figure 5.2 a) presents the
current shift results from the microbump FET array while figure 5.2 b) presents current
shift results from the reference FET array, both referenced to the mean value of the
reference FET array currents. A significant current shift of above 40% was observed
on the transistors on the top Si side above the microbump while the reference array, far
away from the microbump observed minor current scattering around its mean value. A
relative change of a MOSFET drain current of 40% is far above any specifications and
allowed MOSFET operating conditions. In certain cases, variations of up to 5% could
be tolerated while variations below 1% would be desired.
Chapter 7 deals with the origin of the mechanism responsible for the current shift
presented in figure 5.2 a) and its mitigation. This chapter analyzes the stress sensitivi-
ties of FEOL devices, primarily MOSFETs from two perspectives:
• To gain information on the nature of stress sensitivity of FEOL devices and its
trends through scaling technology nodes
• Their applicability for usage as FEOL CPI stress sensors
Apart from MOSFETS, FinFETs and Pseudo Hall stress sensors were also analyzed.
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Figure 5.1: 16x16 array of 130nm technology node n-type MOSFETs placed on the
top surface of the thinned Si die above a microbump and far away from it
Figure 5.2: Current shift patterns from nFET arrays a) above the microbump position
and b) from the reference array far away from the microbump. The nFET array above
the microbump exhibits current shifts above 40% compared to the reference array.
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5.2 Planar transistors
Planar transistors, namely MOSFETs are well known and widely used FEOL devices.
The observed high current shifts from figure 5.2 due to stress mechanisms after 3D IC
stacking point out the need for assessing stress behavior of MOSFETs in 3D IC circuits.
The origin of the stress and amount of stress that lead to such high current shifts needs
to be investigated. Some advantages of MOSFETs as potential stress sensing devices
are:
• Familiarity - known operation and implementation in circuits, low cost
• Practicality - present in all circuitry today, accessible, minimal design effort if
proposed as stress sensors
• Impact of temperature - although MOSFET properties are affected by tempera-
ture changes, circuit level temperature compensation for CPI evaluation studies
is not needed as measurements are performed at room temperature, in tempera-
ture controlled environments and for technology development purposes, not field
usage
Figure 5.3 presents a typical cross section of a MOSFET. S reprents the source contact,
G the gate contact, D the drain contact, B the bulk contact and voltages VGS and VDS
the gate to source and drain to source voltages, respectively. For n-type MOSFETs,
the source and drain are heavily doped n-type islands imbursed in a p-type substrate.
For p-type MOSFETs, the source and drain are heavily doped p-type islands imbursed
in a n-type substrate. For simplicity, the depletion regions between p-n contacts are
ommited. The conductive channel between source and drain contacts is created below
the gate and oxide layer. The drain to source current, ID, exhibits a shift in value after
application of external mechanical load.
Eq. 5.1 [120] presents the drain to source current, ID, in linear region while eq.
5.2 [120] presents the drain to source current in saturation region. The drain to source
current in MOSFETs, ID, is directly proportional to the current carrier mobility, µ . A
shift in mobility will directly cause a transistor drain to source current shift.
ID = µCox
W
L
[
(VGS−Vth)VDS− V
2
DS
2
]
(5.1)
ID =
1
2
µCox
W
L
(VGS−Vth)2 [1+λ (VDS−VDSsat)] (5.2)
W and L stand for the transistor channel width and length, respectively, and Cox
represents the capacitance of the gate to channel oxide per unit area. VGS and VDS stand
for the gate to source and drain to source voltage bias and Vth stands for the transistor
threshold voltage. An additional correction factor impacting the slope of the saturation
current is given by λ . λ is a process-technology parameter that, for a given process, is
inversely proportional to the channel length [120].
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Figure 5.3: A typical MOSFET cross-section with external contacts
Figure 5.4 shows the typical ID-VGS curve of a n-type MOSFET while figure 5.5
shows a typical ID-VDS curve of a n-type MOSFET. Typical p-type MOSFET I-V curves
are the same as n-type MOSFET curves with the difference that applied voltages and
drain current are of opposite sign. A channel is created when the applied gate voltage,
VGS, surpasses a certain value, the transistor threshold voltage, Vth, attracting enough
carriers from the substrate bulk to the substrate surface. If the drain and source voltage,
VDS, is biased to create a lateral electric field in the channel and the gate voltage, VGS,
is higher than the treshold voltage, Vth, current flow is enabled as indicated in figure
5.4. If the gate voltage, VGS, higher than the treshold voltage, Vth, is kept constant and
drain to source voltage, VDS, is varied, two distinct MOSFET operation regimes can
be distinguished. For VDS < VGS−Vth the transistor operates in the linear regimes and
for higher VDS values where VDS ≥ VGS−Vth the transistor operates in the saturation
regime.
If a MOSFET’s current shift under mechanical stress is considered a consequence
of the change of Si channel mobility then its behavior can be interpreted through the
piezoresistance effect (section 3.1). This implies that if a MOSFET under the same
biasing conditions is considered as a stable resistor, eq. 3.5 can be applied connecting
mobility shift, resistivity shift and current shift. In essence, the mobility shift in the
drain-channel-source region is reflected into resistivity shift (eq. 3.3) which is mea-
sured as drain to source current shift. The relative resistivity change in eq. 3.7 can
then be replaced by the relative current shift leading to eq. 3.10 and 3.11, repeated in
general form below:
ΔID
ID
= pilσl +pitσt +pivσv (5.3)
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Figure 5.4: A typical n-type MOSFET ID-VGS curve
Figure 5.5: Typical n-type MOSFET ID-VDS curves
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where ID is the transistor drain current, pil , pit and piv the transistor longitudinal,
transverse and vertical piezocoefficients, respectively, and σl ,σt and σv the correspond-
ing normal stresses acting on the transistor. Eq. 5.3 in this form does not take into
account the impact of:
• shear stresses
• threshold voltage
• temperature
Looking at bulk Si, if the relative resistance shift in eq. 2.3 is replaced by current shift,
shear stress σ ′12 has no contribution to the current shift when φ = 0, or in other words
shear stress has no impact in [110] direction and 90° shifts from this direction if the
current is parallel or perpendicular to these directions. The standard reference frame in
microelectronics processing involves transistors produced in a [110]/[-110] reference
frame with a [001] directed Si surface.
The impact of stress on transistor threshold voltage can not be covered by the
piezoresistance model. Electrical measurements have been performed to extract the
impact of stress on the threshold voltage on particular transistors and are presented at
the end of section 5.2.1. No impact of stress on the threshold voltage was observed.
Section 5.5 presents tests related to piezocoefficient changes at higher temperatures.
Furthermore, if solely the MOSFET channel resistance shift needs to be extracted, the
drain and source resistance need to be deducted from the overall transistor resistance.
This is however of no particular interest to this thesis, as the important measured value
is the drain current shift representing the transistor reaction to stress on device level as
a whole, rather than channel level.
5.2.1 In-plane stress sensitivity
A series of MOSFETs throughout 3 IMEC processed technology nodes were calibrated
to in-plane stress in [110] and [-110] direction according to the procedure explained
in sections 3.2.1 and 3.2.2. The summarized results are presented in table 5.1 along
with the bias conditions summarized in table 5.2. Piezocoefficients obtained in the
[110] direction are referred to as longitudinal, while piezocoefficients obtained in [-
110] direction are refered to as transverse. Both n-type and p-type, short and long
channel MOSFETs from 130nm, 65nm and 32nm technology nodes were calibrated
in their saturation and linear region. Smith’s piezocoefficients [93] obtained for low-
doped bulk Si are placed in the last column for comparison. The number of calibrated
transistors varied from test vehicle to test vehicle, depending on sample size availability
and allowed time. In general the number of transistor per each type tested ranged from
ten devices to more than a hundred devices.
The sensitivity to stress was extracted for each individual transistor and then the
median value of a group of sensitivities from all of the transistors of the same type
was taken as the reference sensitivity of that tranistor in that particular technology. In
order to provide an idea on the scattering of the obtained transistor sensitivities, table
5.3 summarizes the maximum standard deviation of the obtained transistor piezocoef-
ficients for each technology node. This means that the values in table 5.3 represent the
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Table 5.1: In-plane stress piezocoefficients obtained with the adapted 4-pt bending
setup for various MOSFETs processed on IMEC test vehicles through 3 technology
nodes. Smith piezocoefficents are present for comparison to low doped bulk Si.
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Table 5.2: Bias conditions for MOSFETs calibrated to in-plane stress from table 5.1
Table 5.3: Maximum standard deviation of the obtained piezocoefficients observed on
particular transistor types for each technology nodes
highest standard deviation observed on a group of devices of the same type within the
same technology node, acting as the worst case scenario. For all technology nodes and
all measured transistors, the maximum observed standard deviation of the stress sensi-
tivity was between 10 MPa and 20 MPa. Figures 5.6, 5.7, 5.8 and 5.9 present examples
of calibration results from all the technology nodes and device types, in accordance
with table 5.1.
The following observations can be made from the obtained sensitivities in table 5.1
and corresponding figures 5.6 to 5.9:
• MOSFETs are sensitive to in-plane normal stress
• The obtained piezocoefficients differ from Smith’s piezocoefficients
• The obtained piezocoefficients differ from technology node to technology node
• Longer channel devices exhibit higher sensitivity than shorter channel devices
• MOSFETs in linear regime are more sensitive to stress than in saturation regime
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Figure 5.6: Examples of current shift calibration results to in-plane stress for all device
types evaluated on the ETNA 130nm technology node test vehicle
Bulk planar transistors such as MOSFETs use the electrical properties of bulk Si
for modulation of device current flow. Electrical changes in Si are directly transferred
to device operation. MOSFETs are known to be sensitive, based on tests performed
on older technology nodes involving mostly large channels [85-88]. Contemporary
transistors used in table 5.1, from the 130 nm down to the 32 nm node, confirmed their
sensitivity to in-plane stress. A piezocoefficent value of 200 to 300 ppm/MPa points to
2 to 3% of current shift under a uniaxial load of 100 MPa. Current shift would increase
by approximately another 1-2% in a biaxial state of 100 MPa reaching current shifts of
up to 5% when the transverse in-plane stress impact is included. For instance, 2D chip
overmolding processes often induce in-plane stress between 100 and 200 MPa, which
according to our scenario potentially raises the current 5-10% .
3D SIC introduces new complex assembly steps which can substantially increase
the ones in a 2D environment, reaching several hundreds of MPa. Having said that,
there are two ways we can look at the obtained stress sensitivities of MOSFETs:
• as devices which are sensitive to stress requiring action to ensure stable operation
• as stress sensors able to measure the stress in Si
In the first case, the in-plane piezocoefficients give us an insight into the behavior of the
transistor in a biaxial in-plane stress environment. If stress present in Si is known up-
front, transistors could be placed at sufficient distance from high stress areas. Exactly
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Figure 5.7: Examples of current shift calibration results to in-plane stress for all device
types evaluated on the 3D 65 test vehicle, 65nm technology node
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Figure 5.8: Examples of current shift calibration results to in-plane stress for n-type
devices evaluated on the FUJI 32nm technology node test vehicle
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Figure 5.9: Examples of current shift calibration results to in-plane stress for p-type
devices evaluated on the FUJI 32nm technology node test vehicle
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how far would be defined by keep-out-zones in IC layouts based on the obtained tran-
sistor stress sensitivities, as in table 5.1. In literature, calibration of FEOL devices to
stress is rarely done. According to findings from table 5.1, transistor sensitivities can
substantially differ from piezocoefficients obtained by Smith in 1954 on low doped
bulk Si. Furthermore, a great variety of sensitivities can be present through technology
nodes and devices within the same technology node. Utilizing Smith’s piezocoeffi-
cients for Si based FEOL devices can introduce a significant error in current shift or
stress calculation. Therefore, in terms of evaluating impact of stress on FEOL devices,
it is crucial to obtain device sensitivities through direct calibration. This is valid not
just for in-plane stress components. Impact of out-of-plane stress will be discussed in
section 5.2.2.
In order to extract stress values in Si upfront and understand stress generation in
Si originating from various assembly processes, Si based transistors acting as stress
sensors seem to be a logical approach. In that sense, some MOSFETs from table 5.1
prove to be sensitive enough to be considered as stress sensors. In this case, the higher
the sensitivity to stress, the better.
In every technology node, shorter channel transistors exhibit lower sensitivity to
stress than longer channel transistors. Apart from known short channel effects or other
effects that might affect carrier mobility, a shorter channel’s resistance shift from the
viewpoint of source to drain resistance will have a lower relative impact on the overall
drain to source resistance than a larger channel. In other words, even if the resistance
shift in the channel of two transistors with different channel lengths is the same, the
overall device sensitivity will be different due to the different relative impact of the
channel resistance in the whole source to drain resistance path. As the source and
drain are usually heavily doped, their mobility shifts are negligible, however not their
resistances. Intrinsic sensitivity of the channel can be calculated if the source and drain
resistance are taken into account. Within this thesis, calculating intrinsic sensitivity is
not necessary for evaluating the device’s sensitivity whether in terms of stress sensors
or stress impact evaluation as the real response of the device is a sum of all its elements
representing the device as one whole, not just its channel.
Furthermore, the linear region has a slight sensitivity advantage to the saturation
regime. The mobility of carriers is directly related to the electric field. In saturation
regime under higher electric fields, a rise in electrical field will have a limited impact
on the mobility and electrical current. Under lower electric fields, as in the linear
regime, the mobility is not saturated and hypothetically has more room for shift under
mechanical load.
The piezoresitance model takes into account mobility shifts in Si. A MOSFETs
current is not based only on the applied drain to source voltage, but the behavior of the
gate-oxide-semiconductor structure. A transistor is open and conducting current only
if the voltage applied to the gate surpasses the transistor’s threshold voltage Vth. A shift
of Vth under mechanical load would have a direct impact on the transistor’s drain to
source current.
For calibrated 130nm, 65nm and 32nm technology node devices, the current shift
response to in-plane stress was linear on all devices. The assumption is that either the
stress does not impact the transistor’s Vth, or the stress impact on Vth causes also a linear
reponse of the drain to source current shift superpositioning itself to the drain to source
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Figure 5.10: Examples of threshold voltage calibration results to in-plane stress for
n-type devices evaluated on the FUJI 32nm technology node test vehicle
current shift caused by the channel mobility shift.
The Vth was extracted under mechanical load for 32nm technology node transistors.
Figures 5.10 and 5.11 summarize the results. No threshold voltage shift was observed
on any devices. This furthermore supports the usage of the basic piezoresistance model
for MOSFETs where current shift in response to stress is attributed to the bulk Si
mobility shifts.
A general advantage of transistor stress calibration is collecting all the impacts to
current shift, including the ones which might not be apparent and mentioned here. A
transistor sensitivity value can arguably be discussed in terms of its channel mobility
shift, threshold voltage shift, direction of applied stress and so on, however the final
calibration curve provides the real response of the transistor, with all possible effects
combined. If this curve is linear, which is the case on all tested transistors, from 130nm
node down to 32nm node, a sensitivity value can be extracted which clearly describes
its behavior in a stress environment. From a scientific point of view, further investiga-
tion on the contributions to current shift can be made. From an engineering point of
view, the final sensitivity value gives enough information to characterize the devices
response to stress, whether in terms of benchmarking the particular device of the tech-
nology node or consideration of devices for stress sensors. In this section, transistor
calibration to in-plane stress was presented and contributions of shear stress discussed.
The following chapter presents results on MOSFET calibration to out-of-plane stress.
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Figure 5.11: Examples of threshold voltage calibration results to in-plane stress for
p-type devices evaluated on the FUJI 32nm technology node test vehicle
5.2.2 Out-of-plane stress sensitivity
According to Smith’s stress calibrations [83,93], in [001] direction, the out-of-plane
direction of standard Si wafers, n-type Si is highly sensitive to stress while p-type
Si exhibits very low sensitivity. Calibration of transistors to out-of-plane stress was
performed on 65nm technology n-type transistors of the PTCQ test vehicle. PTCQ is
a stress dedicated test chip developed in-house based on all prior learnings from test
vehicles ETNA, 3D 65 and FUJI. The design of the PTCQ test chip and all results will
be presented in chapters 7 and 8. This section includes transistors from the PTCQ test
chip only in terms of out-of-plane transistor calibration, as a logical continuation of
chapter 5.
Long n-type transistors with channel width to length ratio of 4x4.4 µm were cali-
brated using the delaminator and nano-indenter tool. The procedures are explained in
section 4.2.3.1 for the delaminator and 4.3 for the nano indenter. Figure 4.8 depicts
the delaminator out-of-plane procedure using a Si cube while figure 4.12 depicts the
spherical tip used in the nano-indenter procedure. Figure 5.12 a) shows the IC layout
of the transistors grouped in a 7x8 array. The yellow circle depicts the position of a 50
µm diameter Cu pillar that was positioned on the BEOL above the transistor array.
In case of calibration with the delaminator, the pressed Si cube distributed the de-
laminator applied force over 196 Cu pillars lying beneath. The acting out-of-plane
stress was calculated as the delaminator force over the area of the 196 Cu pillars. In
case of the calibration with the nano-indenter, one Cu pillar was pressed with a 250 µm
spherical tip. Figure 5.12 b) presents 2 out-of-plane stress calibration curves obtained
with the nano-indenter and 1 out-of-plane stress calibration curve obtained with the
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Figure 5.12: Current shift calibration to out-of-plane stress: a) IC layout of the transis-
tors grouped in a 7x7 array with the yellow circle indicating the position of the Cu pillar
above the array, b) the results of the out-of-plane calibration using the delaminator and
the nano-indenter
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Table 5.4: Bias conditions for MOSFETs calibrated to out-of-plane stress from figure
5.12
delaminator for the n-type transistor. Table 5.4 summarizes the bias conditions for the
MOSFETs during calibration to out-of-plane stress.
A linear dependence of the current shift and externally applied out-of-plane stress
is observed. A jump is observed from the first to the second measurement point when
using the delaminator. It is believed that this is due to the varying heights of the 196 Cu
pillars under the Si cube. When the Si cube is pressed down on the Cu pillars, due to
the Cu pillar height variation, not all Cu pillars are initially touched. Some Cu pillars
need to most likely plastically deform to allow contact to all other, lower positioned
Cu pillars. For this particular delaminator obtained measurement in figure 5.12 b), it
is likely that the second measurement point does not correspond to approximately 300
MPa that can be read from the x-axis, but a lower value, consistent with the nano-
indenter obtained values. However, the further delaminator obtained slope obtained
from points including and following the second measurement point, give a similar slope
to the nano-indenter obtained slope.
A mean piezocoefficient value of 300 ppm/MPa is observed for n-type transis-
tors. This confirms that the impact of out-of-plane stress on MOSFETs should not
be neglected and that the out-of-plane stress calibration should accompany the in-plane
stress calibration.
A discussion can be made in which form the out-of-plane stress applied on the Cu
pillar reaches the bulk Si transistor. If the BEOL would be ideally considered consisting
of homogenous layers, the stress to Si would be the same as applied to the Cu pillar,
therefore known through the force monitored with the delaminator or nanoindenter. In
practice, each BEOL layer consists of a combination of Cu vias surrounded by low-k
material and silicon oxide. The Cu vias are significantly stiffer than the surrounding
low-k material and with an order of magnitude lower diameter than the Cu pillar, will
attract higher stress. If a Cu via surrounded by low-k material was directly connected
to the transistor gate, this might cause high local stress in Si, higher than observed on
the Cu pillar above. However, the gap between the first metal layer and active Si is
usually filled with silicon oxide which is significantly stiffer than low-k, comparable to
Si and Cu. Therefore, the chances of having excess local stress in Si due to Cu vias or
in general due to variations in BEOL design are minimized, although not excluded for
certain.
Furthermore, out-of-plane stress application in such a manner over a Cu pillar can
cause also in-plane stress components in Si. The sensitivity value obtained from this
calibration would then be a sensitivity to a combination of out-of-plane and in-plane
stress. If the amount of in-plane stress caused during the calibration is known or at least
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Figure 5.13: Example of out-of-plane stress in a 3D SIC stack: a) position of inter-
est based on which a finite element model was built, b) the FEM obtained in-plane
stress pattern observed in Si with circular stress regions corresponding to microbump
positions, c) the in-plane stress plotted in Si below several microbumps and d) the
out-of-plane stress plotted in Si below several microbumps, path indicated in b).
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Table 5.5: Summarized out-of-plane piezocoefficient values for n-type devices in [001]
direction, obtained from the PTCQ 65 nm technology node test vehicle
the ratio of the caused in-plane stress and externally introduced out-of-plane stress is
known, additional corrections to the out-of-plane piezocoefficient can be made. For
this purpose, a finite element model dealing with underfill-microbump induced stress
in Si discussed in section 7, will here be used to further discuss the out-of-plane piezo-
coefficient correction. Detailed explanation on the origin of the stress within the 3D
stack will be given in chapter 7.
Figure 5.13 a) presents an illustration of a 3D SIC after which the finite element
model was built. After thermocompression bonding of the dies over a Cu-Sn mi-
crobump and cooling down to room temperature, stress is observed in the Si below a
microbump, the position of which is indicated with an arrow. Figure 5.13 b) represents
the in-plane stress field of the top side of the die labeled Tier 1,below the microbumps.
Figures 5.13 c) and d) provide graphs with detailed curves of the in-plane and out-of-
plane stress along the path indicated in figure 5.13 b). As will be shown in section 7,
the two independent in-plane stress components can be considered equal in the Si sur-
rounding the microbump. The 3D SIC in figure 5.13 provides a similar setting as the
one observed during out-of-plane stress calibration. A Cu-Sn microbump is pressed in
the out-of-plane direction on the BEOL and FEOL causing local stress in Si beneath it.
From the simulations it follows that, along with out-of-plane stress, in-plane stress is
observed, approximately 3.6 times lower.
Eq. 3.10 connecting the three independent normal stress components with current
shift, in case of equal two in-plane stress components, can be rewritten as
piv =
∆I
I
· 1
σv
−R(pil +pit) (5.4)
where R stands for the ratio of the in-plane stress and out-of-plane stress, σl/σv.
The first term in the equation is actually our directly obtained out-of-plane piezocoef-
ficient, 300 ppm/MPa, which will now be modified with the ratio R and the in-plane
piezocoefficients. For R of 3.6 and in-plane piezocoefficients of -306 ppm/MPa and
-180 ppm/MPa obtained from in-plane calibrations of the particular devices on the
PTCQ testchip, the piezocoefficient value piv now changes to 433 ppm/MPa. This
value is closer to Smith’s out-of-plane piezocoefficient value for n-type bulk Si. The
corrected out-of-plane piezocoefficient value should be utilized as the more realistic
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value linking out-of-plane stress to current shift. Table 5.5 summarizes the out-of-plane
piezocoefficient values for n-type Si in [001] direction, mentioned in this section.
5.2.3 Extracting in-plane stress
Ideally, a set of stress sensors would strive to extract all individual stress components.
In practice, only a portion of these requirements can be satisfied. Sections 5.2.1 and
5.2.2 displayed MOSFET sensitivity to in-plane stress in [110] and [-110] direction and
out-of-plane stress in [001] direction. According to eq. 3.7 and eq. 3.5 linking stress
components to current shift, all three normal stresses add up to the final current shift
value. In terms of stress extraction, the same measured transistor current shift is linked
over previously obtained piezocoefficients to 3 independent normal stress components,
representing one equation with 3 unknowns.
Arranging a set of MOSFETs in a particular fashion can lead to in-plane stress
extraction with certain constraints. In-plane stress in [110] and [-110] direction can
be extracted from an approximately two transistor sized area by placing one transistor
with current flow in [110] direction and the other next to it with current flow in [-110]
direction, as illustrated in figure 5.14. This means that the extracted in-plane stresses
will be attributed to the area covered by the two transistors. The transistors with current
flow labeled I1and I2 correspond to eq. 3.10 and 3.11 repeated below
ΔI1
I1
= pilσl +pitσt +pivσv (5.5)
ΔI2
I2
= pitσl +pilσt +pivσv (5.6)
where σl and σt are the longitudinal and transverse in-plane stresses, corresponding
in this case to the [110] and [-110] directions, respectively, σv is the vertical or out-of-
plane stress in [001] direction and pil , pit and piv the corresponding in-plane and out-
of-plane piezocoefficients. As there are two equations and three unknowns, being the
three normal stresses, this transistor set can extract in-plane stress components only
under the assumption that the out-of-plane stress in its surrounding is negligible. The
system of equations then reduces to a system with two equations and two unknowns,
indicated below
ΔI1
I1
= pilσl +pitσt (5.7)
ΔI2
I2
= pitσl +pilσt (5.8)
Both transistors in the configuration illustrated in figure 5.14 are undoubtably im-
pacted by out-of-plane stress. The higher the out-of-plane stress, the higher the error
introduced when neglecting the out-of-plane stress during in-plane stress extraction
using eq. 5.7 and 5.8. Figure 5.15 provides a visual presentation of the share of out-of-
plane components in the overall current shift. Extracted in-plane coefficients from the
32nm node long channel channel devices and the only extracted out-of-plane piezoco-
efficient, from the 65nm node stress test chip are used. The vertical axis in figures 5.15
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Figure 5.14: In-plane stress in [110] and [-110] direction can be extracted from a two
transistor sized area by placing one transistor with current flow in [110] direction and
the other next to it with current flow in [-110] direction
a) and b) plots the share of the out-of-plane stress component in the overall current shift
as
Z =
pivσv
(pil +pit)σi+pivσv
·100 (5.9)
where the numerator holds the out-of-plane component and the denominator the
total contributions of in-plane and out-of-plane stress components. For this case, the
two in-plane stresses are taken as equal, σl = σt , and labeled σi. The vertical axis, Z,
is plotted in percentage versus in-plane stress, σlt , and out-of-plane stress, σv. Figure
5.15 a) presents the impact of the out-of-plane component for n-type MOSFETs and
figure 5.15 b) for p-type MOSFETs.
For a particular value of in-plane stress, the rising out-of-plane stress increases its
impact in the equation. As the absolute out-of-plane piezocoefficient value for n-type
transistors is similar to the sum of the n-type in-plane piezocoeffients, |piv| ≈ |pil +pit |
, when the out-of-plane stress value reaches the value of in-plane stresses, the out-
of-plane stress component pivσv already accounts for slightly more than 50% of the
total current shift. For p-type devices, the Smith out-of-plane piezocoefficient is an
order of magnitude lower than the calibrated in-plane piezocoefficients, but the in-
plane piezocoefficients are opposite signed, which in case of equal out-of-plane and
in-plane stress, leads to a share of the out-of-plane component in the current shift of
about 25%, smaller than with the n-type devices.
P-type transistors are somewhat less sensitive to out-of-plane stress, however both
transistor types display non-negligible sensitivity to out-of-plane stress. Figure 5.16
plots the out-of-plane stress values which are allowed in presence of in-plane stress
if a 10% out-of-plane component share to current shift criteria is taken. For n-type
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Figure 5.15: Share of out-of-plane component in current shift versus in-plane stress
and out-of-plane stress, according to eq. 5.9 for a) n-type devices and b) p-type devices
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Figure 5.16: Allowed out-of-plane stress values in presence of in-plane stress if a 10%
out-of-plane component share in current shift criteria is taken for a) n-type devices and
b) p-type devices
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transistors, figure 5.16 a), for 10% out-of-plane component share, less than 100 MPa
is allowed for 1GPa of in-plane stress. In general for n-type devices, the out-of-plane
stress component value should be slightly lower than 1/10 of the in-plane stress value.
For p-type transistors, figure 5.16 b), for 1GPa of in-plane stress, a maximum of 300
MPa of out-of-plane stress is allowed for a 10% out-of-plane impact criteria. In general
for p-type devices, the out-of-plane stress component value should be slightly lower
than 1/3 of the in-plane stress value.
Although limited with vertical stress values, the configuration in figure 5.14 pro-
vides a practical way to extract individual in-plane stress components and was used in
prototype stacks, results of which will be presented in chapters 7 and 8.
5.3 Assessment of stress impact on advanced devices
5.3.1 FinFETs
Apart from planar MOSFET transistors, the 4-point bending calibration method was
applied on post-MOSFET generation devices, 32nm technology node FinFETs, to
benchmark their sensitivity to in-plane stress. Figure 5.17 a) presents the layout of
one individual tested FinFET. One device consists of 5 fingers, each 20nm wide and
900nm long. The effective fin width per finger is 100nm. Over 5 fingers this equals
to a device of a channel width to length ratio of 500/900nm. Figure 5.17 b) gives an
SEM image of the FinFET with removed oxide layers. A poly Si gate is visible cov-
ering vertically standing Si fins. Figure 5.17 c) shows a cross section of the FinFET
showing 3 of its fingers. The vertical Si fins are surrounded by SiO2 up to the top of
the fin where the channel is formed surrounded by metal and poly Si acting as the gate
contact. The channel of one fin is magnified in figure 5.17 d). The width of each fin
at its top is 20nm. The channel is formed on all 3 sides of the fin where the metal gate
and poly Si is present, therefore including also two 40nm side walls, resulting in an
effective channel width per finger of 100nm. Five of these fingers therefore equal to a
total device channel width of 500nm.
Figure 5.18 a) and b) present in-plane stress calibration results of n-type and p-
type FinFETs compared to planar transitors from the same node with the same width
to length channel ratio of 500/900nm. Table 5.6 summarizes the piezocoefficient val-
ues obtained from the FinFETs and includes the piezocoefficients obtained from planar
FETs and Smith’s piezocoefficients for comparison. Table 5.7 provides the bias volt-
ages, which were the same for both FinFET and planar devices of the same types. Table
5.8 gives the maximum standard deviation of the obtained piezocoefficient values from
n-type and p-type FinFETs and previous planar FETs.
N-type FinFETs, figure 5.18 a), exhibit a longitudinal sensitivity similar to planar
FETs. The n-type FinFET mean piezocoefficient is slightly higher, however the max-
imum standard deviation of n-type FinFETs versus n-type planar FETs, table 5.8, is 3
times higher. When in-plane stress is applied in the transverse direction to the [110]
current, the n-type FinFET exhibits approximately 3 times lower sensitivity than its
planar counterpart. P-type FinFETs, figure 5.18 b), exhibit lower sensitivity than their
planar counterparts in both longitudinal and transverse direction. The p-type FinFET
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Figure 5.17: In-plane stress calibration of FinFETs: a) layout of one individual 5-finger
FinFET, b) SEM image of an individual FinFET with removed oxide layers, two fins
covered with poly Si gate are visible, c) FinFET cross section with 3 fingers visible and
d) magnification of the top of one fin indicating the FinFET channel
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Figure 5.18: FinFET in-plane stress calibration results with included MOSFET calibra-
tion results: a) n-type FinFETs and MOSFETs and b) p-type FinFETs and MOSFETs
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Table 5.6: Summarized in-plane piezocoefficient values of FinFETs with included
MOSFET piezocoefficients for comparison
Table 5.7: Bias conditions for FinFETs calibrated to in-plane stress from figure 5.18
Table 5.8: Maximum standard deviation of the obtained piezocoefficients observed
on particular transistor types for long channel FinFETs and MOSFETs of the 32 nm
technology node
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Table 5.9: Material properties used in the finite element model from figure 5.19
longitudinal piezocoeffient is approximately 3 times lower than the planar one, and the
p-type FinFET transverse piezocoefficient approximately 1.5 times lower. The maxi-
mum standard deviation for p-type FinFETs was 4 times higher than for same channel
width to length ration planar transistors.
The n-type FinFET exhibited very low sensitivity of 42 ppm/MPa in [-110] trans-
verse direction, with current flowing in [110] direction. The main differences between
the channels of a planar MOSFET and FinFET in terms of stress impact on their chan-
nels are:
• the channel region in a FinFET is surrounded by metal and poly Si from 3 sides,
in a planar FET, the gate materials are present only on one side
• the FinFET current runs not only on the Si surface but through the sidewalls as
well
Two possible reasons why the n-type FinFET shows smaller current shift in transverse
direction are proposed:
• stress is not fully transferred to the Si region surrounded by gate materials
• the side walls with different Si crystal orientation impact overall sensitivity
In order to investigate stress transfer to the FinFET channel region, a finite element
model was built of a single device, presented in figure 5.19., based on the layout from
figure 5.17 a). The material properties used in the model are summarized in table 5.9.
The FinFET stress distribution was investigated after the device was strained in lon-
gitudinal and transverse directions to levels inducing approximately 100 MPa in bulk
Si. The simulation was purely thermo-mechanical, with no induced current. Figure
5.20 presents the results of the simulation for both cases of longitudinal and transverse
applied stress to the channel region.
In the longitudinal case, when stress is applied in the direction of the fins, stress
is distributed equally over the fins including the top channel region. In the transverse
case, when stress is applied perpendicular to the fin length, the transfer of stress to
the fin is limited. Most of the fin exhibits low stress, however, the channel region
still exhibits similar stress as in the longitudinal case. The SiO2 material surrounding
most of the fin is softer than the surrounding materials and could be responsible for
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Figure 5.19: Finite element model of a single FinFET from figure 5.17, built to inves-
tigate transfer of stress to FinFET channels
low stress transfer to the fin in transverse direction, acting as a stress buffer layer.
The poly Si and metal gate are however stiffer materials and transfer stress to the Si
channel region they surround. Since only the channel region is responsible for the
current flow in a FinFET, according to the finite element model, it is unlikely that the
low transverse sensitivity to stress comes from lack of stress transfer to the channel
region. It is more likely that the side walls which account for 80% of the channel width
play a significant role in the different stress response compared to the planar FET. The
[-110] and [1-10] Si surfaces of the FinFET sidewalls have a fundamentally different
reaction to stress than the current running through the [001] surface of the top part of the
channel. A study involving investigation of stress responses of FinFET sidewalls was
not pursued within his PhD, but is being further considered by device technologists.
Furthermore, as FinFETs exhibit lower sensitivity than their planar counterparts of the
same technology node, they do not show potential for exploitation as stress sensors.
5.3.2 Pseudo-Hall stress sensors
In the last 10 years the pseudo-Hall transistor has been investigated and applied to
IC stress measurements [90-92]. It’s main claimed characteristics of interest to this
work are extraction of shear in-plane stress and the difference between normal in-plane
stresses in Si, independent of temperature. The pseudo-Hall operates as a standard
MOSFET with the difference that stress is monitored through the stress modified volt-
age present perpendicular to current flow. This is clarified in figure 5.21.
Figure 5.21 a) and b) display the two measurement types conducted on the pseudo-
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Figure 5.20: Results of the finite element model after application of external strain for
approximately 100 MPa in Si, in the longitudinal and transverse direction to the fin.
Stress is equally transferred to the channel region in both directions while the fin side
walls, irrelevant to current flow, exhibit low stress transfer in transverse direction.
Figure 5.21: Two measurement types performed on the pseudo Hall transistors, swap-
ping the contacts used for source-drain current and pseudo Hall voltage
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Figure 5.22: Illustration of longitudinal and transverse positions of the transistors on
the wafer with respect to the reference frame related to eq. 5.10
Hall transistors. The square shaped active Si area is completely covered with the gate.
Four corner contacts can be arbitrarily used to bias the transistor. In the first measure-
ment type, the drain to source current flows diagonally between contacts 2 and 3. The
transverse pseudo Hall voltage is measured between contacts 1 and 4. In the second
measurement type, the connections are reversed. Drain to source current flows through
contacts 1 and 4 while the pseudo Hall voltage is measured on contacts 2 and 3. The
pseudo-Hall voltage, VpH , is given as [90-92]
VpH = [(pi11−pi12)σ ′xycos(2φ)−
1
2
pi44(σ
′
xx−σ
′
yy)sin(2φ)]VbG (5.10)
where pi11, pi12 and pi44 are the piezocoefficients corresponding to standard Si crys-
tal orientations [100]/[010]/[001] and stress components σ ′xy, σ
′
xx and σ
′
xy the shear
and normal in-plane stress components corresponding to standard device orientation
[110]/[-110]/[001], rotated 45º from the standard Si crystal orientations. The drain to
source bias is represented through Vb and φ is the angle between the device current
flow and [110] direction. Figure 5.22 illustrates longitudinal and transverse positions
of the transistors on the wafer and the reference frame related to eq. 5.10.
Pseudo Hall transistors were fabricated on the 65nm technology node stress test
chip PTCQ. The device reference frame on the PTCQ test chip was in-line with the
standard Si crystal orientation, being [100]/[-110]/[001]. Their channel width to length
ratio, for both n-type and p-type transistors was 3μm/3μm. N-type transistors were
processed rotated 45º to standard Si crystal orientation while p-type transistors were
processed parallel to standard Si crystal orientations. This means that the current for n-
type transistors was flowing in [100] and [010] directions, depending on the two types
of measurements from 5.18 and the current for p-type was flowing in [110] and [-110]
directions. According to eq. 5.10, in this configuration, p-type pseudo Hall transistors
are most sensitive to normal in-plane stresss and n-type to shear in-plane stress. Figures
5.23 and 5.24 present the stress calibration results for p-type and n-type pseudo Hall
transistors, in saturation and linear regime, for both measurement types from figure
5.21. Table 5.10 summarizes the calibration results and table 5.11 the voltage bias
used.
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Figure 5.23: In-plane stress calibration results for p-type and n-type pseudo Hall tran-
sistors, in saturation regime, for both measurement types indicated in figure 5.21
Figure 5.24: In-plane stress calibration results for p-type and n-type pseudo Hall tran-
sistors, in linear regime, for both measurement types indicated in figure 5.21
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Table 5.10: Summarized in-plane piezocoefficient values of FinFETs with included
MOSFET piezocoefficients for comparison
Table 5.11: Bias conditions for pseudo Hall transistors calibrated to in-plane stress
from figure 5.23 and figure 5.24
Table 5.12: Summarized in-plane piezocoefficient and absolute VpH sensitivity to tem-
perature. VpH changes with temperature but the stress sensitivity shift with rising tem-
perature is 3 orders of magnitude lower than its response to stress.
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In accordance with eq. 5.10, n-type pseudo Hall transistors do not exhibit sensi-
tivity to normal in-plane stress for current flow in [100] and [010] direction for which
the angle φ = 0. P-type Pseudo Halls exhibit a sensitivity to stress of 0.78 μV/MPa
in linear regime and 4.07 μV/MPa in saturation regime. Their stress sensitivity was
assessed at higher temperatures to verify the claimed invariance to temperature.
The transistor was heated up from room temperature to 40ºC and 60ºC through lo-
cally applied heat via an air gun followed by in-plane stress application via the 4-pt
bending setup, as indicated in figure 5.30. The temperature was monitored on-chip
through previously temperature calibrated diodes. The results are summarized in table
5.12. The pseudo Hall piezocoefficient exhibited very low sensitivity to temperature,
three orders of magnitude lower than its sensitivity to stress. Although the stress sen-
sitivity seems invariant to temperature, the absolute value of VpH still changes with
temperature, in the same order of magnitude as its sensitivity to stress. This means if
we wish to be monitor stresses at higher temperatures, the VpH shift due to temperature
should be deducted from the total VpH to explore impacts of stress.
5.4 Biaxial stress test
The sensor validation test presented in section 3.2.1, which involved inducing stress
by cooling of a die-to-substrate structure, can in fact be used as a biaxial stress test
for stress sensors. This test can be used to prove the validity of uniaxially obtained
piezocoefficient values in a biaxial stress environment. Figure 5.25 presents the die-
to-substrate structure with a die of approximately 10mm x 10mm glued to a 30mm
x 30mm plastic substrate. The die edges were aligned with the substrate edges. At
room temperature, viscous die attach, STYCAST 50500D, was placed on the plastic
substrate followed by picking and placing of the die above. The die attach required 2h
of baking at 150 ºC after which the structure was cooled to room temperature causing
biaxial stress on the top Si active surface.
Figure 5.26 presents the profile of the die surface obtained with an optical pro-
filometer. The curvature of the die is regular in all directions with a displayed warpage
of approximately 40 μm from die center to all four die corners. A stress pattern of the
top Si surface obtained with finite element modeling is shown in figure 5.27. The lon-
gitudinal and transverse normal in-plane stresses are constant around the middle of the
die fading close to the die edges. The position of a sensor array consisting of 130nm
technology 800nm/600nm channel width to length ratio nFETs is marked with a red
and white rectangle.
To vary the induced stress, in total three die thicknesses were used:
• 725 µm
• 500 µm
• 300 µm
The currents of in total 256 transistors from the array were measured before and after
bonding to the plastic substrate. After bonding, at room temperature the devices exhib-
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Figure 5.25: The die-to-substrate structure with a die of approximately 10mmx10mm
glued to a 30mmx30mm plastic substrate, cooled down from die attach hardening tem-
perature of 150 ºC to room temperature.
Figure 5.26: Profile of the die surface at room temperature, obtained with an optical
profilometer
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Figure 5.27: In-plane stress pattern of the die top surface, obtained with finite element
modeling
Figure 5.28: Die sensors exhibited a 2µA shift at room temperature
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Table 5.13: Extracted stress values from die sensors, FEM and optical profilometry
ited a 2µA shift of ID, presented in figure 5.28. Stress was extracted in Si at the sensor
position in 3 ways:
• electrical measurements on stress sensors
• finite element model
• by calculating stress from die curvature via Stoney’s equation discussed in sec-
tion 4.4.4
The extracted stress values are summarized in table 5.13 showing good agreement of
values from all 3 used methods. This shows that uniaxially obtained piezocoefficient
values are valid in a biaxial stress environment. In other words, the reaction of the
transistor to stress in a biaxial stress state is a superposition of its reactions in uniaxial
stress states.
5.5 High temperature calibration
The setup used, presented in figure 5.29, was used for high temperature calibration of
the stress senstivity of MOSFETs and pseudo Halls, previously presented in section
5.3.2. An air gun providing heat was brought in vicinity of the Si die strip clamped
within the 4-pt calibration setup. Temperature was monitored on-chip through pre-
viously temperature calibrated diodes. Test information is provided in figure 5.30.
N-type and p-type MOSFETs of the 32 nm technology node were measured up to 80
MPa in both tensile and compressive direction at room temperature, 50ºC and 60ºC.
Figure 5.31 a) presents stress sensitivity results from n-type MOSFETs. A declin-
ing slope is visible with rising temperature. The mean values of n-type stress sensi-
tivities at elevated temperatures is presented in figure 5.31 b). A similar trend with a
declining stress sensitivity slope with rising temperature is visible on p-type devices,
figures 5.32 a) and b). The results are summarized in table 5.14.
The stress sensitivity to temperature of MOSFETs is considerably higher than the
ones observed on pseudo Hall transistors, however both exhibit an absolute value shift
of their output with temperature, VpH in pseudo Halls and ∆II drain current shift in
MOSFETs, regardless of stress presence. Furthermore, individual normal in-plane
stress components, although not temperature compensated can be extracted only with
MOSFETs.
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Figure 5.29: Setup used for stress calibration of MOSFETs and pseudo Halls at ele-
vated temperatures involving an adapted 4-pt bending tool and an air gun
Figure 5.30: Design of experiments for high temperature calibration
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Figure 5.31: Stress calibration at elevated temperatures for n-type MOSFETs: a)
changing current shift versus in-plane stress slope and b) declining sensitivity to stress
with temperature
Table 5.14: Summarized stress sensitivities of 32nm node nFETs and pFETs shifting
with temperature
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Figure 5.32: Stress calibration at elevated temperatures for p-type MOSFETs: a)
changing current shift versus in-plane stress slope and b) declining sensitivity to stress
with temperature
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5.6 High stress calibration
Stress sensitivity calibration of FEOL devices presented in sections 5.2 to 5.5 was
conducted up to maximum 150 MPa. Around 200 MPa of applied in-plane stress, the
Si dies often broke. The piezoresistivity model is a linear model and sensitivities to
stress of FEOL devices can be expected to behave non-linear at very high stresses,
above 1 GPa. In order to reach stress values above 1 GPa, the ultimate tensile strength
of Si was assessed. Separation of dies from a wafer via mechanical dicing is known
to induce damage to die edges in form of microfractures reducing its ultimate tensile
strength (UTS). Mechanical polishing and ion etching was applied in an attempt to
increase the Si die UTS.
Small Si strips, 50mm in length, 3.5mm in width with a thickness of 700 µm were
saw diced from wafers. Edges of several samples were mechanically polished in at-
tempt to remove damaged layers from the sides. Various polishing paper roughness
and polishing time from 10s per side to 1 min per side were applied. Ion etching was
applied on one Si side in an etching chamber for 2h using an undisclosed industrial
recipe. UTS results were obtained with a 4-pt bending setup. For samples with ion
etching stress was applied to the etched Si side. First Si UTS results are summarized
in figure 5.33.
All samples that were mechanically polished exhibited lower UTS than the orig-
inal non-treated samples. One sample that was submitted to ion etching showed an
increase in UTS. More samples were made and submitted to ion etching. Figure 5.34
presents ion etching results on 7 new samples. The UTS remains in low ranges if
stress is applied to the non-treated side. In total 2 samples returned UTS values similar
to non-treated samples and 3 samples exhibited UTS values above the UTS of non-
treated samples. One sample was stopped at 1 GPa of applied in-plane stress as the
force constraint of the 4-pt bending setup was reached. Although a more thorough
study needs to be performed to further assess UTS of Si, ion etching showed promising
results which might eventually lead to Si die UTS values above 1 GPa, needed for high
stress calibration.
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Figure 5.33: Ultimate tensile strength results on Si strips after mechanical polishing
and ion etching
Figure 5.34: Additional ultimate tensile strength results on Si strips after ion etching
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5.7 Summary
Stress sensitivity of several FEOL device types and through several FEOL technology
nodes was assessed. The stress sensitivities are analyzed from two perspectives:
• To gain information on the nature of stress sensitivity of FEOL devices and its
trends through scaling technology nodes
• Their applicability for usage as FEOL CPI stress sensors
MOSFETs were calibrated to in-plane and out-of-plane stress. FinFETs and pseudo-
Hall transistors were calibrated to in-plane stress. All calibrations were performed in
a [110]/[-110]/[001] Si reference frame. 4-pt bending was used for application of in-
plane stress. Out-of-plane stress was applied with a delaminator tip over a Si cube to
the Si die and alternatively with the nano-indenter.
The linear piezoresistance model was used to link applied mechanical stress and
transistor current shift response. Stress sensitivity is expressed as device piezocoeffi-
cients. It is assumed that mechanical stress primarily impacts the mobility of current
carriers in transistor channels observable as transistor drain to source current shift. In
general, all potential impacts of mechanical stress, apart from mobility shift, that have
a linear relation to current shift can be described by the piezoresistance mathematical
model. The piezocoefficients are in general device level stress sensitivities, not Si bulk
stress sensitivities.
In-plane stress piezocoefficients are obtained from the following devices:
• n-type and p-type MOSFETs, short and long channel, from 3 technology nodes
- 130nm, 65nm and 32 nm
• n-type and p-type FinFETs, long channel, from the 32nm technology node
• n-type and p-type pseudo-Hall transistors of one channel size from the 65nm
technology node
Out-of-plane stress piezocoefficients are obtained from the following devices:
• n-type MOSFETs, long channel, from the 65nm technology node
MOSFETs, FinFETs and pseudo-Hall devices exhibit a sensitivity to mechanical stress.
Smith piezocoefficients for bulk Si are not meant to be used for FEOL devices. Ob-
tained FEOL device piezocoefficients can greatly differ from Smith piezocoefficients
for bulk Si. Direct calibration of FEOL devices to stress is necessary.
Summary of in-plane stress calibrations:
• MOSFETs
– n-type and p-type MOSFETs through all tested technology nodes exhibit
sensitivity to stress
– taking into account their stress sensitivity levels, they are good candidates
for usage as CPI stress sensors
164
CHAPTER 5. IMPACT OF MECHANICAL STRESS ON THE FRONT-END-OF-LINE
– in the used reference frame, [110]/[-110]/[001], n-type in-plane piezocoef-
ficients are of the same sign and different magnitude, p-type piezocoeffi-
cients are of opposite sign and similar magnitude
– a decrease of sensitivity with newer technology nodes is observed
– long channel transistors exhibit higher sensitivity than short channel tran-
sistors
– A MOSFET operating in the saturation regime is less senstive to stress than
when operating in the linear regime
– Stress sensitivity of MOSFETs is highly dependent on temperature and
drops with temperature increase
– MOSFETs in a biaxial stress environment reacted equivalently to a super-
position of uniaxial stress environments
– The linear piezocoefficient model might be invalid for high values of stress,
approximately above 1 GPa due to non-linear relation between stress and
current shift
• FinFETs
– FinFETs exhibit similar sensitivity in longitudinal direction, but have a dis-
tinctively low stress sensitivity in the transverse direction
– Due to the lower stress sensitivity in transverse direction, they are not rec-
ommended for CPI sensors
– Lower transverse stress sensitivity is most likely not attributed to lower
stress transfer in the transverse direction but a fundamental response of
FinFET side walls
• Pseudo-Hall transistors
– Pseudo-Hall transistors present an interesting alternative to transistor cur-
rent shift monitoring for stress observation, by measuring voltage perpen-
dicular to the drain and source transistor contacts
– their stress sensitivity is independent of temperature, however the absolute
value of the voltage measured to monitor stress still changes with tempera-
ture
– Pseudo-Hall transistors did not exhibit an additional advantage over MOS-
FETs for implementation as CPI Si stress sensors in 3D IC stacks and pack-
ages due to:
* The stress sensitivity invariance with temperature is not a particular ad-
vantage as stress from 3D IC stacks and packages is extracted at room
temperature. They could provide more or arguably better performance
than MOSFETs for stress extraction at higher temperatures
* Extraction of individual stress components with pseudo-Hall transis-
tors is not straightforward
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Summary of out-of-plane stress calibrations:
• MOSFETs
– n-type transistors exhibited higher sensitivity to out-of-plane stress in [001]
direction than to in-plane stress in [110] and [-110] direction
– p-type transistors were not calibrated to out-of-plane stress, according to
Smith’s bulk Si piezocoefficients, p-type Si on [001] Si surface exhibits
low sensitivity to out-of-plane stress
An important advantage of MOSFETs is its ability to extract individual stress compo-
nents. In certain conditions, MOSFETs can be used to extract both in-plane stresses
and out-of-plane stress. Shear stress calibration was not attempted on any of the de-
vices. According to piezoresistive theory, Si is not affected by shear stress in [110] and
[-110] direction. Mechanical dicing reduces the ultimate tensile strength of Si. Me-
chanical polishing of Si sample edges did not result in an increase of its ultimate tensile
strength. Ion etching of Si samples provided promising results with sample reaching
GPa range without breaking. This could enable FEOL device stress calibration at GPa
stress levels.
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Chapter 6
Back-End-of-Line out-of-plane
stress sensors
While chapter 5 included studies on out-of-plane stress sensitivity of planar transistors,
in this chapter, an alternative approach for out-of-plane stress extraction is proposed.
The possible application of BEOL capacitors as out-of-plane stress sensors is analyzed.
The principle of charge-injection-induced error-free (CIEF) charge-based capacitance
measurement (CBCM) is presented followed by stress calibration of BEOL capacitors
to out-of-plane stress.
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6.1 Out-of-plane stress sensors
FEOL devices, planar transistors discussed in section 5.2.2, exhibited sensitivity to
out-of-plane stress. Obtaining the stress sensitivity value of FEOL devices can lead
to their usage as stress sensors for out-of-plane stress in Si. In this section, extraction
of out-of-plane stress in the BEOL has been attempted , by implementing capacitors.
The capacitors are simple in form, consisting of two square Cu plates, 30 x 30 µm,
one on metal level 1, the other on metal level 2. The general equation for parallel plate
capacitors follows
C = ε0εr
S
d
(6.1)
where S is the surface of the capacitor plates, d the distance between the plates, ε0 the
permittivity of vacuum and εr the relative permittivity of the low-k material between the
two Cu plates. In first approximation according to eq. 6.1, application of out-of-plane
stress should change the distance between the plates, d, which leads to a capacitance
shift of C.
The capacitive Cu plates were processed in the first two metal layers, M1 and M2,
of the PTCQ test chip BEOL which consisted of in total 5 metal layers. In order
to assure that the capacitance which is being extracted is indeed the capacitance of
the sensing plates in M1-M2, the charge-injection-induced error-free (CIEF) charge-
based capacitance measurement (CBCM) [119,120] was employed. The capacitance
extraction procedure is briefly explained through figure 6.1, 6.2 and equations 6.2, 6.3
and 6.4. The basic electrical circuit, shown in figure 6.1 consists of a p-FET and a
n-FET pair in series, on the output of which the capacitive device under test, CDUT is
connected. The other contact of CDUT is connected to an external pad. The p-FET and
n-FET are controlled by signals VP and VN , respectively while the pad connection is
controlled through VAPP.
The capacitance is extracted in two steps:
• Charging the capacitance under test, CDUT and the parasitic capacitance Cpar
• Discharging the parasitic capacitance Cpar
The steps are visualized by the clock signals in figure 6.2. In the first step, the probe
pad is grounded. This leads to repeated charging and discharging of both the CDUT and
Cpar between Vdd and ground. The charging current through the top p-FET is expressed
as
I1 = (CDUT +Cpar) ·Vdd · f (6.2)
where Vdd stands for the power supply connected to the top contact of the p-FET
and f is the frequency of the non-overlapping clock signals. In the second step, a
controlled pulse is applied to the external pad. In t1 the pad pulse, VAPP, rises up from
ground to Vdd before the p-FET is turned on. Grounding the signal VP after t2, opens
the p-FET pulling the output node to Vdd . In this phase, only the Cpar will be charged as
168
CHAPTER 6. BACK-END-OF-LINE OUT-OF-PLANE STRESS SENSORS
Figure 6.1: The basic electrical circuit of the charge-injection-induced error-free
(CIEF) charge-based capacitance measurement (CBCM)
Figure 6.2: Clock signals corresponding to electrical circuit on figure 6.1 visualizing
the capacitance extraction procedure
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Figure 6.3: Illustration of the out-of-plane calibration of the capacitive sensors with
the 500 µm in diameter spherical tip of nano-indenter tool. The capacitive plates are
positioned on M1 and M2 levels.
there is no potential drop over CDUT . Before the n-FET is turned on in t5 to discharge
the output node, the pad pulse is grounded in t4. The current that charges the parasitic
capacitance after the VP drop is measured through the p-FET as
I2 =Cpar ·Vdd · f (6.3)
The desired capacitance CDUT can then be calculated as
CDUT =
I1− I2
Vdd · f (6.4)
The out-of-plane calibration was conducted with the 250 µm in diameter spherical
tip of nano-indenter tool, omitting the Si cube which was used for planar transistors,
as illustrated in figure 6.3. The nano-indenter tool and spherical tip are described in
section 4.3. The sensing capacitor is processed in metal layers M1 and M2. Figure
6.4 presents measurements of the first phase current, I1, versus frequency under several
loads from the nano-indenter. The linear response at all frequencies acts as a verifica-
tion of proper device operation, in accordance with eq. 6.2. Figure 6.5 presents the
calibration results of the capactive plates. The intial capacitance, C0, was measured
to be 220 fF. Apart from one point, the capacitance shift exhibited a nearly linear re-
sponse to applied compressive out-of-plane force from the nano-indenter. For force
slightly above 600 mN, the capacitance shift rose to just above 8%. The stress sensitiv-
ity of the device versus force was approximated to 132 ppm/mN. This value is extracted
from tests on a single sample.
As with other stress sensing devices from chapter 5, the sensitivity value should
be transferred to a more understandable measure of ppm/MPa. Transferring force to
stress is challenging in particular as the force is applied through a spherically shaped
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Figure 6.4: Measurements of the first phase current, I1, versus frequency and under
several loads from the nano-indenter. The linear response at all frequencies acts as a
verification of proper device operation, in accordance with eq. 6.2.
Figure 6.5: Calibration results of the capactive plates. The intial capacitance, C0, was
measured to be 220 fF. The capacitance shift exhibited a linear response to applied
compressive out-of-plane force from the nano-indenter.
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Figure 6.6: The reaction of part of the n-FET array area at an applied out-of-plane force
of 127 mN, used to calculate the effective impact area of the nano-indenter spherical tip.
Approximately a 5x5 subarray of nFETs from the total 7x7 nFET array was affected.
The affected area was approximated to 40 µm in diameter.
tip. The force itself can be read from the nano-indenter tool internal sensors, however
the area that the force is applied to is not straightforwardly obvious. Although the 500
µm in diameter spherical tip is almost an order of magnitude larger than the 30x30µm
Cu plates, the curvature of the tip cannot be neglected. The exact contact area is hard to
obtain with certainty. In an attempt to transfer the applied force to stress, a workaround
was attempted to obtain a first approximation of the stress sensitivity in ppm/MPa. The
nano-indenter force was applied to the same n-type transistor array from the out-of-
plane stress calibration in section 5.2.2, this time without the usage of the Si cube.
Figure 6.6 displays the reaction of part of the n-FET array area at an applied force of
127 mN. Approximately a 5x5 subarray of nFETs from the total 7x8 nFET array was
affected. The affected area was approximated to 40 µm in diameter. The average stress
in the 5x5 nFET subarray equals to 85 MPa. In this simplified approach, this would
imply that a force of 127 mN applied with the spherical tip causes an average stress
of 85 MPa on an 40 µm in diameter area in the FEOL. In terms of the Cu plates in
the BEOL, if assumed that minimal force is transfered to the low-k material, the 30x30
µm Cu plates will take all the out-of-plane stress. Then the 127 mN of applied out-of-
plane compressive force will cause a stress of 102 MPa over the 30x30 µm Cu plate
area. Having transfered now the nano-indenter force to stress, the stress sensitivity of
the BEOL Cu plates now equals to 153 ppm/MPa. Although the transfer from force to
stress included several approximations, the final stress sensitivity provides a feeling of
the range of sensitivity and an initial value that could be used in practice until a more
detailed approach is developed. The force and stress sensitivity values of the BEOL Cu
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Table 6.1: The final force and stress sensitivity values of the BEOL Cu plates
plates are summarized in table 6.1.
6.2 Summary
Capacitive BEOL plates are proposed as out-of-plane stress sensors as an alternative
to FEOL devices. Their capacitance is extracted with the charge-injection-induced
error-free (CIEF) charge-based capacitance measurement (CBCM) method. The BEOL
plates were calibrated to out-of-plane stress with a nano-indenter using a spherical tip
and exhibited a sensitivity of 132 ppm/mN. Calculation of applied stress to the capac-
itive plates with the nano-indenter using a spherical tip based on known applied force
monitored by the nano-indenter is not straightforward. Approximating the effective
impact surface of the spherical tip, a sensitivity of the BEOL plates was calculated to
be 153 ppm/MPa. The device proves to be sensitive to stress and can be considered
as a BEOL stress sensor. Further work needs to be done to assess its applicability and
implementation.
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Chapter 7
3D stacked ICs
Chapter 7 comprises results from studies on 3D IC stacks. The effects of stress on the
Si die FEOL caused by 3D IC stacking are monitored on three different generations of
stacks: based on the ETNA, FUJI and PTCQ test chip. Data is obtained primarily with
electrical measurements of stress sensors distributed on the Si dies in the 3D IC stacks
and correlation with finite element simulations. Section 7.1 introduces the basics of
the observed local stress mechanism in 3D IC stacks, the underfill-microbump stress
mechanism, through the ETNA stack. The implications of the underfill-microbump in-
teraction mechanism on IC layouts are discussed in section 7.2. Section 7.3 presents
a study of mitigation of the underfill-microbump stress. Guidelines for reducing stress
generated by the underfill-microbump interaction are given. Section 7.4 analyzes stress
from subsequent generations of stacks, the FUJI and PTCQ stack. On the FUJI stack,
section 7.4.4, stress in Si is analyzed on the opposite side of the microbump, at room
temperature and elevated temperatures. On the PTCQ stack, section 7.4.5, stress in
Si is analyzed over the whole die, on the opposite side of the microbump and between
microbumps, at room temperature.
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Figure 7.1: Illustration of the first generation 3D IC stack prototype, a functional logic
on DRAM structure. The logic die was represented by the ETNA test chip.
7.1 Basics of the underfill-microbump interaction mech-
anism
The underfill-microbump interaction mechanism is an occurence of mechanical stress
in the Si die after 3D IC stacking, in the surrounding of microbumps in the presence of
underfill. This chapter focuses on:
• the origins of the stress in the FEOL generated by this mechanism
• the implications of the underfill-microbump interaction mechanism on FEOL
devices
• mitigation of underfill-microbump generated stresses
At the beginning of this thesis, no literature was found comprising a study of the origins
of stress in the FEOL after 3D IC stacking or 3D IC packaging in connection with
underfill and microbump interaction. The focus of the chapter is the stress occuring in
Si on the opposite Si side of the microbump.
A 3D IC stack was produced consisting of a functional logic on DRAM structure,
presented in figure 7.1. The 10.5 mm x 10.5 mm logic die, labeled ETNA, processed in
130 nm technology was thinned down to 25 µm and penetrated with 5 µm in diameter
TSVs with an aspect ratio of 5:1. A 550 µm thick 8.5 mm x 7.5 mm memory die was
stacked on the logic die back-to-face by means of thermo-compression bonding at 250
ºC. The gap between dies measured 13 µm consisting of disclosed underfill material
and Cu-Sn based microbumps with 5 µm Cu pads on both sides and 3 µm of Cu-Sn
intermetallic in between. The microbumps, 30 µm in diameter, were separated at a
distance of 250 µm. The image of the 3D stack cross section above the illustration in
figure 7.1 emphasizes just how thin the logic die is compared to the memory die in real
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Figure 7.2: Photograph of the assembled logic on DRAM stack from figure 7.1. The
DRAM is slightly larger than the logic die.
scale. In further reference, the logic die will be considered as the top die with its active
region being on its top side. Figure 7.2 provides a photograph of the assembled logic
on DRAM stack, from a case where the DRAM was slightly larger than the logic die.
A 16 x 16 array of n-type FETs with channel width to length ratio 800 nm x 600 nm
was positioned above the microbumps in absence of a TSV, in the thin logic die FEOL,
as indicated in figure 7.3. The transistor array covered an area of approximately 62 µm
x 37 µm. With the microbump of 30 µm in diameter, positioned below the center of the
array, the full projected surface of the microbump was covered with n-type FETs plus
an additional 16 µm of the array from each lateral side. A reference array was copied
at a distance far away from the microbump. The position of the n-type FET arrays can
be viewed also in the illustration in figure 5.1.
The currents of the n-type FET array in the thin logic die were measured in sat-
uration before die thinning and after die thinning and stacking, with and without the
presence of the underfill. Figure 7.3 a), in red points, presents the measured current
shifts from microbump nFET array row 6 of 16 passing close to the center of the ar-
ray and the underlying microbump, normalized to the values of the reference array.
The blue points present the measured current shifts from the microbump nFET array
in absence of the underfill. It was revealed that the current of the nFETs above the mi-
crobumps in the presence of underfill shifted by more than 40%. Without the underfill,
the nFETs exhibit negligible current shift.
A finite element model of the stack is employed in MSC Marc [107] to further in-
vestigate this process. Table 7.1 comprises the material properties used. Materialwise,
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Figure 7.3: The currents of the n-type FETs within the array in the thin logic die were
measured in saturation before and after stacking, with and without the presence of
the underfill. Figure 7.3 a), in red points, presents the measured current shifts from
microbump nFET array row 6 of 16 passing close to the center of the array and the
underlying microbump, normalized to the values of the reference array. The blue points
present the measured current shifts from the microbump nFET array in absence of the
underfill. The full red line present current shifts obtained by finite element modeling of
the structure. Figure 7.3 b) presents the major principal stress obtained in Si by finite
element modeling of the structure on the top surface of the FEOL logic die, opposite
of the microbump. The maximum stress in Si above the microbump was simulated to
be 827 MPa, in the center of the circular stress pattern, corresponding to the projected
center of the underlying microbump.
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Table 7.1: Material properties in the 3D IC stack environment
Figure 7.4: Distribution of individual stress components in the Si on the top side of
the logic die above the underlying microbump, as in figure 7.3. The in-plane stress
components are dominant. Three regions of the underfill-microbump stress mechanism
can be distinguished. The circular shape above the graph indicates the major principal
stress pattern on the top Si surface.
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the model consisted of two Si dies without the BEOL or TSVs, connected with Cu-Sn
microbumps and underfill around. All materials were modeled as isotropic and Pois-
son’s ratio for all materials was set to 0.3. Cu, Sn and Si exhibit a Poisson’s ratio around
0.3. The Poisson’ ratio of the epoxy based underfill was unknown and estimated to 0.3
as well due to the fact that epoxy materials often exhibit Poisson’s ratio around that
value. The Cu-Sn properties in table 7.1 refers to the intermetallic compound created
from the interaction of Cu and Sn. It is considered that the Sn completely transformed
into a Cu-Sn intermetallic. Furthermore, Cu is modeled as a plastic material with a
piecewise linear function, an idealized work hardening stress/strain curve, as presented
in figure 4.4. The yield stress of Cu was set to 172.3 MPa.
Figure 7.3 b) presents the major principal stress obtained in Si from the top surface
of the FEOL logic die, opposite of the microbump. The stress pattern in Si occuring
from the underfill-microbump interaction is circular with highest stress in the center
of the circular shape, fading from the center of the microbump. The maximum stress
in Si above the microbump was simulated to be 827 MPa, in the center of the circular
stress pattern, corresponding to the projected center of the underlying microbump. The
major principal stress equals to the individual normal in-plane stress components, σl
and σt . Eq. 5.7 and 5.8 were implemented within MSC Marc transfering the finite
element obtained stresses to current sfhits for n-type of p-type Si. The piezocoefficient
values were taken from calibration of particular transistors from chapter 5. In this
case, n-type long channel MOSFETs from the 130 nm technology node, ETNA test
chip, were utilized. Using the piezocoefficient values from table 5.1 and figure 5.3, the
total current shift sums up a value of 43%, matching the electrical measurements. The
current shift results of the finite element model corresponding to the position of the 6th
row in the nFET array are added to figure 7.3 a), showing good matching.
Figure 7.4 shows the distribution of individual stress components in the Si on the
top side of the logic die above the underlying microbump, as in figure 7.3. The two
in-plane stress components, σ ′11 and σ
′
22, in sensor terms corresponding to σl and σt
respectively, are dominant while the other stress components are negligible. Therefore,
in the case of stress in Si on the opposite side of the microbump, it is safe to neglect
out-of-plane stress as well. Since MOSFET stress sensors are sensitive to out-of-plane
stress, as discussed in section 5.2.2, this goes in favor of in-plane stress extraction, as
discussed in section 5.2.3. Furthermore, 3 stress regions can be detected:
• microbump + local underfill impact zone
• global underfill impact zone
• edge effect
The first region denotes the area where the underfill and microbump interact causing
main stress in Si. The global underfill impact zone relates to a small amount of com-
pressive stress generated without interaction with microbumps due to interaction of Si
and the shrinking underfill itself. The last area is an artefact of the simulation with
proximity of the stress to the edge of the model.
Figure 7.5 presents the two dimensional stress patterns of the single microbump in-
plane stresses in figure 7.4, above a 5x5 microbump array. Figure 7.5 shows 1/4 repre-
sentations of the 5x5 microbump array. Each oval shape corresponds to one underlying
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Figure 7.5: Two dimensional representation of the single microbump in-plane stresses
from figure 7.4, above an array of microbumps. The images show 1/4 representations
of the top Si surface above of a 5x5 microbump array. Each oval shape corresponds to
one underlying microbump. These two in-plane stress components sum up to a major
principal stress shape as seen in figure 7.3 b).
Figure 7.6: Results of the finite element model with and without the presence of un-
derfill. In the absence of underfill, figure 7.6 b), stress is an order of magnitude lower
than with included underfill, figure 7.6 a).
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Figure 7.7: Figure 7.7 a) presents a full model of a 3D IC stack with 25 µm thick Si
stacked on 700 µm thick Si after cooling from thermocompression bonding tempera-
ture of 250 ºC to room temperature, 25 ºC. The exaggarated displacements reveal local
warpage of the thin Si die above the underlying microbumps. Figure 7.7 b) zooms in on
a cross section of one microbump area. The thin Si is being bent over the microbump
Figure 7.8: Illustration of the underfill-microbump stress generation. The underfill
has by far the highest CTE than any material in its surrounding, visible also from
table 7.1. During cooling of the 3D stack from bonding temperature of 250 ºC to room
temperature, the underfill shrinks more than surrounding materials and pulls the flexible
thin Si over the microbumps causing a local curvature in the microbump vicinity
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microbump. These two in-plane stress components sum up to a major principal stress
shape as seen in figure 7.3 b).
Underfill properties are not specifically mentioned due to a non-disclosure agree-
ment with the material suppliers. Underfill properties were obtained from DMA and
TMA curves or alternatively official datasheets when DMA and TMA curves were not
available. The absolute values of stress between figure 7.3 b) and figures 7.4 and 7.5
differ as a different underfill material was used causing slightly lower stress. These
simulations were performed before knowing the exact underfill which was used in the
stack. The impact of underfill properties on stress values will be covered in section 7.3.
Electrical measurements in figure 7.3 a) exhibit negligible current shift in absence
of the underfill, compared to the large current shifts in the presence of underfill. Fig-
ures 7.6 a) and b) present the results of the finite element model with and without the
presence of underfill. In the absence of underfill, figure 7.6 b), stress is an order of
magnitude lower than with included underfill, figure 7.6 a).
The origin of the underfill-microbump mechanism creating the stresses shown in
figures 7.3 to 7.6 can now be explained in more detail. Figure 7.7 a) presents a full
model of a 3D IC stack with 25 µm thick Si stacked on 700 µm thick Si after cooling
from thermocompression bonding temperature of 250 ºC to room temperature, 25 ºC.
The exaggarated displacements reveal local warpage of the thin Si die above the under-
lying microbumps. Figure 7.7 b) zooms in on a cross section of one microbump area.
The thin Si is being bent over the microbump.
Figure 7.8 reveals the mechanism in the background. The underfill has by far the
highest CTE compared to any material in its surrounding, visible also from table 7.1.
During cooling of the 3D stack from bonding temperature of 250 ºC to room tem-
perature, the underfill shrinks more than surrounding materials and pulls the flexible
thin Si over the microbumps causing a local curvature in the microbump vicinity. The
stretched and bent Si now exhibits mechanical stress, tensile in-plane stress on the top
Si surface opposite of the microbump. Finite element simulations from figure 5.10,
also suggest compressive in-plane stress and compressive out-of-plane stress in Si on
the microbump side. Since Si is a piezoresistive material, the mechanical stress reflects
into mobility shift of current carriers, electrons and holes resulting in current shift of
Si based FEOL devices such as MOSFETs.
7.2 Impact on 3D IC layout
The generated stress in the FEOL from the underfill-microbump interaction mechanism
causes a current shift of n-type and p-type FEOL devices. FEOL devices have varying
sensitivities to stress, as presented throughout chapter 5, depending on the orientation
of the device on the Si wafer and the direction of occuring stress with respect to the
direction of the device electrical current. The acting underfill-microbump mechanism
stress field in Si has a certain impact zone in which it can affect the current of FEOL
devices. In the case of logic on DRAM from section 7.1, the underfill-microbump
impact zone, figure 7.4 b) extended to approximately 140 µm from the microbump
center. Depending on the obtained stress sensitivity of FEOL devices and the known
levels of stress in the vicinity of the microbump, keep-out zones can be established
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Figure 7.9: The occuring current shift patterns in Si from the underfill-microbump
mechanism on the opposite side of the microbump obtained by finite element simula-
tion. The projected contours of the underlying microbump are plotted on the current
shift patterns with dashed circular lines. The current shift patterns from figure imply
what effect a n-type or p-type transistor will exhibit if placed in these regions.
during IC design development. These keep-out zones can act as proximity rules during
IC layout production as regions in which devices should not be placed in order to
contain the current shifts of FEOL devices within desired levels. This section deals
with current shift patterns in Si and possible keep-out zones for FEOLs positioned
on the thinned Si die opposite of the microbump, as in the logic on DRAM 3D stack
configuration in section 7.1.
Stress sensors, such as the devices analyzed in chapters 5 and 6 are used to translate
current shift to mechanical stress. Finite element modeling can be used to simulate the
mechanical stress and translate it to current shift. Such a task was performed in figure
7.3 a) where current shifts obtained with finite element modeling were compared to
current shifts from electrical measurements. Following eq. 3.10 and 3.11, the stress
components are obtained through finite element modeling and transfered to current
shift via the experimentally obtained piezocoefficients, as in chapter 5, specific to the
device of interest.
The current shift on the top side of the thinned Si die opposite of the microbump
is governed by the two dominant in-plane stress components, as seen in figures 7.3
and 7.4. The occuring current shift patterns in n-type and p-type Si from the underfill-
microbump mechanism on the opposite side of the microbump are simulated and pre-
sented in figure 7.9. The projected contours of the underlying microbump are plotted
on the current shift patterns with dashed circular lines.
N-type Si exhibits circular positive current shift patterns with the highest value
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Figure 7.10: Simulated n-type and p-type current shift patterns on the top thinned Si
side above a 5x5 underlying microbump array. When the same underfill from figures
7.4 to 7.6 is used, a current shift of +33% is expected in the peaks of the n-type Si
circular regions and about 16%, in positive and negative current shift orbitals for p-
type Si. Placing a transistor closer or further from the microbump and in which area
can make all the difference in its performance.
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directly above the microbump fading towards the edges and beyond. Further away
from the microbump, the sole underfill impact region is entered and the current shifts
change to slightly negative. P-type Si exhibits mixed positive and negative orbital
current shifts with the lowest value above the microbump and the highest close to the
edges of the microbump. With distance, the current shift in p-type Si fades to zero.
These current shift patterns are a result of fundamental n-type and p-type Si response to
in-plane stresses in [110] and [-110] direction, respectively and the basic shapes do not
change with changing geometry, material properties of the 3D stack or sensitivities of
the transistors. The absolute current shift values and reach of the current shift patterns
are the ones that do change. The current shift patterns from figure 7.9 imply what effect
a n-type or p-type transistor will feel if placed in these regions.
The n-type and p-type current shift patterns are a consequence of the interaction of
the signs of the piezocoefficients and occuring stresses. When neglecting out-of-plane
stress, as can be done in this case according to figure 7.4 and looking into eq. 5.7 and
5.8 and stress sensitivities in table 5.1, the following can be stated for n-type and p-type
current shift shapes:
• N-type: The tensile stresses occuring in Si, σl and σt , going as positive into the
current shift eq. 5.7 or 5.8, are multiplied by piezocoefficients pil and pit which
are both negative. The addition of pilσl + pitσt is constructive resulting in the
highest value in the center fading equally in all directions from the center of the
microbump forming a circular shape
• P-type: The tensile stresses occuring in Si, σl and σt , going as positive into the
current shift eq. 5.7 or 5.8, are multiplied by piezocoefficients pil and pit which
are of opposite signs. The addition of pilσl+pitσt is destructive and contributions
of the two in-plane components work against each other in the superposition low-
ering the final current shift value. Since the two in-plane piezocoefficients, pil and
pit are of similar absolute value and the in-plane stresses σl and σt are equal di-
rectly above the microbump, the total current shift directly above the microbump
is close to zero. The orbital current shift shapes start appearing further away
from the microbump where one in-plane stress starts to be dominant and over its
corresponding positive or negative piezocoefficient pushes the current shift into
negative or positive values, respectively.
Figure 7.10 plots n-type and p-type current shift patterns on the top thinned Si side
above a 5 x 5 underlying microbump array. When the same underfill from figures 7.4
to 7.6 is used, a current shift of +33% is expected in the peaks of the n-type Si circular
regions and about 16%, in positive and negative current shift orbitals for p-type Si.
Placing a transitor closer or further from the microbump and in which area can make
all the difference in its performance.
Potential keep-out zones are proposed for n-type and p-type Si in figures 7.11 and
7.12, respectively. Figure 7.11 presents a study on n-type Si. Close to +30% of current
shift is observed in Si on the opposite side of the microbump. The current shift drops
to about -4% 60 µm away from the microbump and further on settles at a value of -1%.
If a rule is set for a n-type transistor that its current shift should not be affected more
than 2%, there are certain regions the transistor should not be placed in. The keep-out
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Figure 7.11: A case study including potential keep-out zones for n-type Si with a design
rule of 2% allowed current shift
Figure 7.12: Potential keep-out zones p-type Si
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Table 7.2: 3D IC stack properties of the starting finite element model based on the logic
on DRAM stack
regions equals to the areas with current shift higher than +2% and lower than -2%. This
means the transistor should not be placed in regions from +2% to +30%, indicated as
region one and from -2% to -4%, indicated as region 2. For n-type Si, on the Si surface
these keep-out regions are belts. In conclusion, for n-type Si, the keep-out zones are
circular, in this case consisting of two belts where the transistor should no be placed
during IC layout production.
For p-type Si, figure 7.12, the keep-out zones are more complicated as the current
shift shapes are more complex. Depending on the allowed current shift for a transis-
tor, 4 keep-out zones can be defined around the current shift orbitals, circular, or in
a safer case, rectangular. These keep-out zones will not be present directly above the
microbump but from the microbump edges onwards.
In order to compare FEOL stress fields originating from a TSV and the underfill-
microbump interaction, in figure 7.13 impact zones from a TSV and microbump are
compared. Stress in Si from a 5µm x 50µm TSV and a 30 µm in diameter microbump
is simulated and compared. Underfill properties were delibarately altered by varying
its CTE to approximately match the absolute stress peaks of the TSV. Both the TSV
and the underfill-microbump mechanism now exhibit a maximum of close to 300 MPa
on the top side of the thinned die. However, looking at the spread of stresses around
the microbump and TSV, the impact zone of the microbump is approximately 10 times
larger than the impact zone of a TSV. This implies that although both the underfill-
microbump mechanism and the TSV can create concerning stresses in the FEOL, the
underfill-microbump mechanism can affect an area much larger than the one of a TSV.
Consequently, a microbump keep-out zone can be considerably larger than a TSV keep-
out zone.
7.3 Underfill-microbump stress mitigation guidelines
7.3.1 Parametric study
A parametric study based on an experimentally validated finite element model was
employed in order to form guidelines for stress reduction caused by the underfill-
microbump mechanism. The logic on DRAM finite element model was compared with
electrical measurements, figure 7.3 a), and was therefore taken as the starting point for
the parametric study. The following stack properties were investigated:
• material based
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Figure 7.13: Simulated impact zones from a TSV and microbump. In case of equal
absolute stresses generated on the top Si side opposite of the microbump, the impact
zone of the microbump is approximately 10 times larger than the impact zone of a TSV.
Figure 7.14: Illustration pinpointing the varied parameters and the stress extraction
position in the finite element model of the logic on DRAM stack
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– choice of underfill
• stack geometry based
– Si die thickness
– microbump pitch
– microbump height
The parametric study also includes observation of a microbump array edge effect and
stress reduction by introduction of novel 3D stack features, Si etch rings.
The initial properties of the starting finite element model based on the logic on
DRAM stack are summarized in table 7.2. An illustration pinpointing the varied pa-
rameters and the stress extraction position is shown in figure 7.14. The stress on top of
the thin Si die opposite of the microbump was extracted as major principal stress, which
is equal to the two in-plane stress components on the Si surface. Each new simulation
included variation of only one parameter from the initial values to investigate their in-
dividual contributions. All underfills are coded due to material supplier requests. Si die
thickness refers to the thickness of the top die submitted to thinning. In this case a thin
die is always stacked on a thick 700 µm die. Although the original logic on DRAM
stack included a thick die of 550 µm, the finite element simulation used to represent
the logic on DRAM stack was performed with a thickness of 700 µm as the precise
thickness was known only after stack processing and electrical measurements. Finite
element simulations conducted later confirmed no visible difference in impact to the
thin die for both thick die thicknesses. Both a 550 µm and 700 µm thick die act as
a rigid body resulting in the shrinking underfill causing warpages only to the thin die.
The microbump pitch is defined as the distance from one microbump center to the other
neighbouring microbump center. The initial microbump height of 13 µm includes two
Cu pads of 5 µm each and 3 µm of Cu-Sn intermetallic in between.
7.3.2 Underfill selection
Following results from sections 7.1 and 7.2, it is conclusive that the presence of un-
derfill ignites an impact on the FEOL that presents itself in full form in the vicinity of
microbumps. The logic on DRAM stack with initial underfill 6-A exhibited over 800
MPa of stress. In order to select an underfill for further stack prototypes that induces
less stress, a series of underfills were simulated, presented in figure 7.15. The underfill
names are coded due to a non-disclosure agreement with the material suppliers.
The underfill properties for the finite element simulations were obtained through
DMA and TMA curves given by the material supplier or through datasheet values
where full curves were not available. Each underfill was represented with its CTE and
Young’s modulus above and below its glass transition temperature and cure shrinkage.
Most underfills exhibited a stable value of CTE and Young’s modulus above and be-
low the glass transition temperature. Approximately 10 ºC above and below the glass
transition temperature defined the underfills’ transition region. Through this region
counting down from bonding temperature, which is above Tg, to room temperature, the
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Figure 7.15: A series of simulated underfills from various material suppliers compared
by the stress they generated in Si
Figure 7.16: Stress in Si versus CTE values below the glass transition temperature of
the first 8 underfills from 7.15
Figure 7.17: Stress in Si versus Young’s modulus values below the glass transition
temperature of the first 8 underfills from 7.15
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underfill solidifies and the initially low Young’s modulus significantly increases by an
order of magnitude and the CTE decreases to 2-3 times from its initial value.
Figure 7.15 presents a variety of caused stresses in Si. It is indicative that from a
thermo-mechanical point of view, several underfills with less impact on Si than UF 6-A
are available. In particular, from this group of simulated underfills, UF 2-D causes the
least stress in Si, in total 3 times less than UF 6-A. Therefore, the choice of underfill
should be based on not just its chemical performance or application method but its
thermo-mechanical impact is of high importance as it can significantly reduce stress
levels in Si.
Figure 7.16 plots the CTE values below the glass transition temperature of the first
8 underfills from figure 7.15 versus their stress impact. The stress values are slightly
lower than in figure 7.15 as these simulations were conducted without underfill cure
shrinkage considered. The underfill CTE has a significant impact on Si stress levels.
According to figure 7.16 an underfill with 10 ppm/ºC higher CTE can cause more
than 100 MPa higher stress. A similar plot was made with the Young’s modulus of
the first 8 underfills, presented in figure 7.17. The curve would suggest that a higher
Young’s modulus would imply lower stress. From a fundmental viewpoint, since the
underfill CTE is much higher than the one of Si and since the basis of the underfill-
microbump mechanism is the underfill pulling on the Si while shrinking, it is more
logical to expect that a higher Young’s modulus of underfill causes higher stress in Si.
Looking into the processing of underfill, figure 7.17 can be interpreted in a different
manner. The basic components of standard underfill for microelectronics is the epoxy
material with filler particles. In general, adding filler particles, such as SiO2, to epoxy
lowers the CTE of the underfill and increases the Young’s modulus. Therefore, the
CTE and Young’s modulus of underfill is reversly proportional. The underfills with
high CTE in figure 7.16 are in fact the ones with a lower Young’s modulus in figure
7.17. To assess the reverse proportionality of Young’s modulus and CTE, in figure
7.18 an inverse of Young’s modulus versus the CTE of the first 8 underfills is plotted,
according to eq. 7.1. E stands for the Young’s modulus. The values deviate slightly
from a purely linear relationship, but the trend of lower Young’s modulus with higher
CTE is observed. Therefore, the CTE rather than the Young’s modulus bears a higher
importance in the underfills thermo-mechanical performance.
E ·CT E = const. (7.1)
The glass transition temperature, Tg, acts as the dividing temperature of two re-
gions, the soft underfill with higher CTE above Tg and harder underfill with lower CTE
below Tg. The region from bonding temperature to glass transition temperature usually
around 100 ºC presents one phase of stress build up and the transition from glass tran-
sition temperature to room temperature another stress build up phase. Expanding and
decreasing these regions by shifting the Tg can cause a difference in final accumulated
stress at room temperature. Figure 7.19 presents results of Tg variation of underfill UF
6-A and the resulting stress shift in Si. Although the impact of underfill’s CTE is by
far greater than the one of Tg, stress shifts are observed with approximately 5% lower
stress with 10 ºC higher Tg. It can be discussed to which extent the underfill can gen-
erate stress above its glass transition temperature considering its very soft nature. The
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Figure 7.18: An inverse of Young’s modulus versus the CTE of the first 8 underfills is
plotted, in support of eq. 7.1
Figure 7.19: Stress in Si versus Tg variation of underfill UF 6-A
Figure 7.20: The thermal shrinkages and cure shrinkages of the first 8 underfills
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generation of stress at higher temperatures is further investigated in section 7.4.2.
A faster approach for comparing stress impact from a series of underfills is pro-
posed by calculating underfill thermal shrinkages. Underfill thermal shrinkage, T S, is
given as
T S = (250ºC−Tg) ·CT Eabove+(Tg−25ºC) ·CT Ebelow (7.2)
where CT Eabove stands for CTE above the glass transition temperature and CT Ebelow
stands for CTE below the glass transition temperature. Thermal shrinkage from eq. 7.2,
T S, is a sum of material shrinkage in percentage above and below the glass transition
temperature considering constant CTE values in the two regions. Apart from thermal
shrinkage, it is considered that the underfill cure shrinkage plays a role in stress gen-
eration as well. The thermal shrinkages and cure shrinkages of the first 8 underfills
are shown in figure 7.20. Both thermal and cure shrinkage vary between 1% and 5%,
however thermal shrinkage has a significantly higher impact as it acts through two re-
gions and changing underfill properties while the cure shrinkage occurs from underfill
viscous liquid to solid phase.
Figure 7.21 plots thermal shrinkages of the first 8 underfills versus finite element
obtained stress in Si. Their dependency is fairly linear. If one wishes to consider a
new underfill, in first approximation, its CTE values above and below Tg can be taken
from datasheets to calculate its thermal shrinkage and correlate this to stress using the
generated linear equation. Although several initial finite element simulations still need
to be made in order to establish a linear curve, afterwards other underfills can be in first
approximation compared to simulated underfills in a fast manner by calculating their
thermal shrinkages.
The impact of cure shrinkage in simulations was added by artificially raising the
bonding temperature depending on the cure shrinkage value according to eq. 7.3, where
εC stands for the cure shrinkage, CT Eabove the CTE above the glass transition temper-
ature and4T the temperature which is added to the bonding temperature of 250 ºC.
4T = εC
3 ·CT Eabove (7.3)
Figure 7.22 presents simulation results with varying cure shrinkage. According to
simulations and a simplistic inclusion of cure shrinkage using eq. 7.3, 1% decrease
of cure shrinkage results in approximately 5% stress decrease in Si. It is believed that
cure shrinkage has a minor but non-negligible impact on stress generation and should
be considered in the underfill-microbump mechanism, however more fundamental in-
corporation of the development and impact of cure shrinkage was out of scope of this
thesis.
7.3.3 Impact of stack geometry
Apart from underfill material properties, stack geometry was addressed in pursuit of
stress reductions in Si. Since Si becomes flexible with thinning and prone to bending
from the shrinking underfill, increasing Si thickness offers itself as the first solution.
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Figure 7.21: Thermal shrinkages of the first 8 underfills versus finite element obtained
stress in Si
Figure 7.22: Stress in Si versus cure shrinkage variation of underfill UF 6-A
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Figure 7.23: Stress on the top Si surface with underfill UF 4-A over a path involving
4 underlying microbumps. Si thickness is varied. The oval stress pattern above each
microbump corresponds to the current shift oval pattern observed in figure 7.3 a).
Figure 7.24: Effect of top Si thickness and microbump pitch on stress on the top Si
surface opposite of the microbump
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Figure 7.25: Effect of microbump height on stress on the top Si surface opposite of the
microbump
Figure 7.23 plots stress on the top Si surface with underfill UF 4-A over a path involving
4 underlying microbumps versus the top Si thickness. The oval stress pattern above
each microbump corresponds to the current shift oval pattern observed in figure 7.3 a).
The wave stress pattern above several microbumps diminishes when top Si thickness is
increased from 25 µm. At 100 µm the stress is below 50 MPa, 8 times lower than an
initial value of 400 MPa.
Figure 7.24 plots the effect of top Si thickness and microbump pitch. The initial
microbump pitch of 200 µm when microbump stress impact zones are not overlap-
ping is lowered to 50 µm. Already at a pitch of 100 µm stress is visibly decreasing,
while for 50 µm the stress is 2.5 times lower. When microbumps are placed closer
together within each others impact zones, they start supporting the thin top Si prevent-
ing it from bending. A standalone microbump will induce more stress to Si than when
microbumps are grouped within a sufficiently short pitched array. A sole increase of
Si thickness from 25 µm to 50 µm will cause 3 times lower stress while additionaly
lowering microbump pitch to in this case 50 µm will lower stress 8 times, the same as
in figure 7.23 with just increasing the thickness to 100 µm. Therefore, a clever design
of microbumps along with increasing Si thickness can significantly reduce underfill-
microbump generated stress.
Figure 7.25 presents results of finite element simulations when the original mi-
crobump height of 13 µm is varied. Increasing the microbump height implies more
underfill material, leading to considerably higher stress predictions. A decrease from
an intial height of 13 µm to 11 µm causes 25 % stress decrease. When closing the gap
below 10 µm, attention needs to be paid to controling filler particle sizes.
While closing the microbump pitch reduces Si stress above the microbump array,
another effect seems to appear on the periphery of the array. Figure 7.26 presents the
microbump array edge effect. When microbumps are placed in sufficient vicinity to
prevent bending of the thinned Si die, creating a microbump array, the microbumps
within the array indeed exhibit a reduction of stress. However, Si above the mi-
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Figure 7.26: The microbump array edge effect. Microbumps placed in an array at
sufficient proximity cause less stress in the Si above within the array however Si above
the microbumps forming the edge of the microbump array exhibits stress peaks.
crobumps forming the edge of the microbump array exhibits stress peaks. Although
locally within the array, Si is supported by the presence of the microbumps, the mi-
crobump array as a whole acts as a platform over which underfill during shrinking
pulls the Si over its edges.
Figure 7.27 provides more explanation on the evolution of the microbump edge ef-
fect. A standalone microbump is gradually increased to a 5x5 microbump array while
monitoring the stress on the microbump in the middle of the array and on its edges. A
5x5 microbump array with large 200 µm pitch exhibits almost the same stress as an in-
dividual microbump as with the larger pitch their impact zones barely touch each other
and there is no formation of support for Si. There is no stress reduction when another
microbump is added at 50 µm distance. The first stress reduction is visible when a 2x2
array with 50 µm pitch is formed. All 4 microbumps are now edge microbumps and the
edge effect is dominant compared to the contribution of Si support. The two effects,
firstly the supporting action of microbumps below Si and secondly the edge effect can
be firstly distinguished on a 3x3 size array where separately an inner microbump and
edge microbumps are present. Si above the middle microbumps exhibits stress reduc-
tion because the microbump array locally prevents the top Si die from bending while
the edge effect contributes to the stress increase above the outer microbumps. With
increase of the array, the microbumps on the edges still induce the same stress. The
inner microbumps exhibit additional stress reduction with increasing the microbump
array size. Therefore, when grouping microbumps within an array close enough that
their stress fields start overlapping, lowering the microbump pitch and increasing the
microbump array size will contribute to the stress decrease in Si within the microbump
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Figure 7.27: Evolution of the microbump edge effect. With increasing the microbump
array size, stress within the array reduces, the edge stress remains after forming edges
on a 3x3 array remains the same.
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array while stress peaks can be expected in Si on the edges of the microbump array due
to the microbump array edge effect.
7.3.4 Si etch ring
A conceptual study involving introduction of additional material on the microbump
side and etched filled rings in Si in order to reduce underfill-microbump generated
stress was filed as a patent, publication number US 2013/0154112. The concept was
supported solely with finite element modeling. No electrical measurements or any
other tests have been conducted to this point to prove the stress reduction procedure.
The patent served as protection of a methodology.
Figure 7.28 illustrates the proposed stress reduction procedure in several steps with
figure 7.29 presenting the corresponding simulated stress values in Si on the opposite
side of the microbump as in figure 7.14. Table 7.3 summarizes the material properties
used in the finite element model. All Poisson’s ratios were set to 0.3. Cu plasticity
was included by a piecewise linear function, an idealized work hardening stress/strain
curve, presented in figure 4.4. In figure 7.28 a), the starting point is a 2-layer stack, with
thin Si stacked on top of thick over Cu-Sn microbumps. This case corresponds to the
underfill-microbump mechanism and observed current shifts in figure 7.3. Additional
layers of material such as SiN, figure 7.28 b), or Benzocyclobutene (BCB), figure 7.28
c) can be added in the first step to decrease stress. The basic idea is to add thin layers
of material between the underfill and Si, with a Young’s modulus lower than Si. Lower
amounts of stress can be observed in Si for the following reasons:
• The shrinking underfill transfers its displacements during shrinking over both the
newly added material and Si. Ultimately, the displacements transferred to Si are
less. This implies less strain and therefore less stress in Si.
• If the same microbump height is maintained, adding material between two Si dies
means decreasing the amount of underfill material. As the thermal shrinkage of
the underfill remains the same, a smaller thickness of the underfill means also
less underfill displacement that will be transfered to surrounding materials in the
first place.
• Adding materials between the underfill and Si changes the equivalent Young’s
modulus of the material system that the underfill is pulling on. A material with
lower Young’s modulus than Si causes the Si-added material system to exhibit
lower equivalent Young’s modulus. In result, in reaction to the displacement
coming from the underfill during shrinking less stress is transfered to Si than
without the added material.
The first column in figure 7.29 reflects the stress at the starting point, figure 7.28 a).
When 1.5 µm of SiN is added, second column of figure 7.29 and illustration in figure
7.28 b), stress slightly drops. If the same thickness of BCB is now added with signif-
icantly lower Young’s modulus than Si, third column in 7.29, stress drops even more.
A thicker BCB adds an additional stress reduction, 4th column figure 7.29. A combi-
nation can be made with 3 µm of BCB placed on 1.5 µm of SiN, figure 7.28 d) which
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Figure 7.28: Illustration of the proposed Si etch ring stress reduction procedure in
several steps
results in 15 % less stress in Si, figure 7.29 5th column. More stress is generated closer
to the microbump, so in attempt to lower the equivalent Young’s modulus closer to Si,
SiN can be etched and filled with BCB, figure 7.28 e). Ultimately, Si itself can also
be etched and filled with BCB. These formations are circular creating rings of material
in etched SiN and Si around the microbump. Etching SiN and 0.5 µm of Si cause an
additional 2% drop of stress in Si, figure 7.29 7th column. In this hypothetical case,
FEOL devices could not be processed in Si etch defined regions.
The width and depth of these rings and their proximity to the microbump can be
varied to optimize their influence. The closer they are to the microbump the closer they
will be to higher stresses needed to be lowered. The wider they are, the larger area
of the underfill-microbump impact zone they will cover. With ring depth, equivalent
Young’s modulus futher lowers, however Si becomes also locally more flexible. Ring
depths higher than 2 µm on 25 µm in total thick Si showed again trends of stress
increase to initial values, last 3 columns of figure 7.29.
7.3.5 Ranking of stress reduction parameters
Incoropration of new geometrical and material aspects of 3D IC stacks simulated in
sections from 7.3.2 to 7.3.4 can significantly decrease Si stress making strong steps
towards resolving the impact of the underfill-microbump stress mechanism. A case
study was performed in order to rank the simulated parameters by their stress reduction
impact. The parameters of the initial logic on DRAM stack and the modified stack are
presented in table 7.4. The following changes have been made to the new stack:
• High stress underfill UF 6-A was replaced by lower stress underfill UF 1-A
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Figure 7.29: Simulated stress values in Si on the opposite side of the microbump cor-
responding to steps in figure 7.28
Table 7.3: Material properties used in the Si etch ring finite element model
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Table 7.4: Parameters of the initial logic on DRAM stack and the modified stack
Table 7.5: A summary of guidelines for underfill-microbump stress mitigation involv-
ing 3D IC stack assembly trends for stress reduction
• Etch rings were added: 1.5 µm of SiN, 3 µm of BCB and BCB filled rings
through SiN and 0.5 µm of Si
• Top thinned Si thickness was increased from 25 µm to 100 µm
• Pitch between microbumps was lowered from 200 µm to 50 µm
• Microbump height was decreased from 13 µm to 11 µm
• Array size, not just microbump pitch was taken into consideration by creating a
5x5 microbump array
Figure 7.30 presents the stress decrease contributions of each of these modifications
and ranks them according to benefiting impact. The highest stress reduction came
from the increase of Si thickness with 5 times lower stress. Si thickness was followed
by a close to 60% stress drop, equally from usage of low stress underfill or lowering
the microbump pitch. Microbump height and microbump array size contributed equally
with approximately 25% stress decrease and adding etch rings ends the ranking with a
17% stress drop.
All properties were included in one model to obtain the combinatory effect of all
of the mentioned parameters. The new stack with all incorporated modifications now
exhibited 10% of the original stress in Si. A summary of guidelines for underfill-
microbump stress mitigation involving 3D IC stack assembly trends for stress reduction
is presented in table 7.5. Etch ring is excluded from the summary, as a new feature that
can be added to existing designs.
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Figure 7.30: Stress decrease contributions of stack modifications simulated in sections
7.3.1 to 7.3.4 and their ranking according to benefiting impact
204
CHAPTER 7. 3D STACKED ICS
7.4 Investigation of stress mitigation on test chips
7.4.1 Test chips for 3D IC stacking
The first impact of the underfill-microbump stress mechanism was observed on the
logic on DRAM 3D stack, where the logic die consisted of the 130 nm ETNA test chip.
Several test chips followed the ETNA test chip., 3D 65, FUJI and PTCQ. 3D 65 test
chip, was processed only for assessment of 65 nm FEOL logic devices and was not
stacked or packaged. FUJI was used for 32 nm FEOL stress calibration and submitted
to 3D stacking. PTCQ is a dedicated stress test chip processed in 65 nm technology
which incorporated learnings from forementioned test chips. It comprised FEOL and
BEOL integrated stress sensors developed primarily for assessment of 3D stacking and
3D packaging.
7.4.2 PTCQ stress test chip design
The PTCQ stress chip, figure 7.31, with width and length 8 mm x 8 mm is organized
into 16 basic modules arranged in a 4x4 fashion. Each basic module, 1.92 mm x 1.92
mm, consists of 64 cells, arranged in a 8x8 array. Each cell takes up an area of 240
µm x 240 µm. There are three types of cells, which distribution in each basic module
is visible in figure 7.31. Cell 1 consists of stress sensors for monitoring global stress,
cell 2 consists mainly of heaters and cell 3 consists of stress sensors for monitoring
local stress. All I/O pads and control logic are present in the cross area in between
the basic modules, as indicated in figure 7.32. The edges of the area also comprise
wirebonding pads so the test chip is available for both flip chip and wirebond type 2D
or 3D packaging.
Cell 1
Cell 1 consists of the following stress sensors used for monitoring global stress across
the die:
• in-plane FEOL stress sensors
– n-type and p-type MOSFETs, 4 µm x 4.4 µmm with current orientation in
[100] and [010]
– n-type and p-type Pseudo-Hall transistors, 3µm x 3 µm, with n-type tran-
sistor current in [110] and p-type current in [100]
• out-of-plane BEOL stress sensors
– CIEF CBCM based capacitive sensors formed on metal levels 1 and 2, with
capacitive plates of 30 µm x 30 µm on each of the two metal levels
The primary role of cell 1 is obtaining global stress values across the die in order to
capture effects not visible on local area level. The cell also incorporates diodes for
temperature measurements. Cu pads, 50 µm in diameter, 5 µm in height were placed
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Figure 7.31: The PTCQ stress chip with width and length 8 mm x 8 mm is organized
into 16 basic modules arranged in a 4x4 fashion. Each basic module, 1.92 mm x 1.92
mm, consists of 64 cells, arranged in a 8x8 array. Each cell takes up an area of 240 µm
x 240 µm. There are three types of cells.
Figure 7.32: PTCQ I/O pads and control logic are present in the cross area in between
the basic modules
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Figure 7.33: The Cu pad distribution above cells no. 1 within one basic module. 4 cells
have a Cu pad on top, 4 are without a Cu pad. The Cu pad pattern was repeated on each
of the 16 basic modules. Distribution of Cu pads only over the first basic model shown
in the figure for better visibility.
on 4 out of 8 no. 1 cells within each basic module in order to monitor the impact of the
Cu pad as well. The Cu pad distribution within one basic module is shown in figure
7.33. The Cu pad pattern was repeated on each of the 16 basic modules. Figure 7.33
shows the distribution of Cu pads over cell 1 positions only on the first basic module
for better visibility.
Cell 2
Cell 2 consists of heating elements used to raise temperature to the die or parts of the
die and also accompanies stress sensors used for monitoring global stress across the
die:
• Heaters
– 2 Cu plates processed on metal 1, 100 µm x 200 µm in size each
• in-plane FEOL stress sensors
– n-type and p-type MOSFETs, 4 µm x 4.4 µmm with current orientation in
[100] and [010]
– n-type and p-type Pseudo-Hall transistors, 3µm x 3 µm, with n-type tran-
sistor current in [110] and p-type current in [100]
The primary role of cell 2 is global and local heat dissipation. The cell also incorporates
diodes for temperature measurements.
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Figure 7.34: The Cu pad and microbump distribution over cells no. 3 within one basic
module. The pattern is repeated on each of the 16 basic modules. Figure 7.34 shows
the distribution of Cu pads and microbumps over cells no. 3 only on the first basic
module for better visibility.
Cell 3
Cell 3 consists of the following stress sensors used for monitoring local stress in the
die:
• in-plane FEOL stress sensors
– n-type MOSFETs, 4 µm x 4.4 µm with current orientation in [100] and
[010], arranged in a 7x8 transistor array
The primary role of cell 3 is assessing the underfill-microbump stress impact. The cell
also incorporates diodes for temperature measurements. Cu pads, 50 µm in diameter,
5 µm in height were placed on 2 out of 4 no. 3 cells within each basic module. The
Cu pad and microbump distribution over cells no. 3 within one basic module is shown
in figure 7.34. The pattern was repeated on each of the 16 basic modules. Figure 7.34
shows the distribution of Cu pads and microbumps over cells no. 3 only on the first
basic module for better visibility. Three combinations are now available, monitoring
the underfill-microbump impact, monitoring the impact of the Cu pad and monitoring
the combination of impacts from the underfill-microbump mechanism and Cu pad.
A detailed view of one no. 3 cell is presented in figure 7.35. One cell encompassed
an array of 6x6 microbumps placed apart at a pitch of 40 µm. In case a cell with Cu
pad presence, 50 µm in diameter Cu pads were placed above central microbumps in
quadrants 2 and 4 of cell 3. The 7x8 nFET array was placed above the same central
microbumps in quadrant 2 and quadrant 4 of the array. Additional individual nFETs
were placed on the microbumps surrounding the central microbump and nFET array.
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Figure 7.35: A detailed view of cell no. 3
Figure 7.36: The Cu-Sn microbump on the PTCQ stack. The Cu pad on the thin die
side is 25 µm in diameter, while on the thick die side the Cu pad and Sn are 15 µm in
diameter.
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Figure 7.37: The coverage of all sensors over the die, including diodes and heaters
Figure 7.35 illustrates the nFETs only in quadrant 4 for better visibility although the
same nFET pattern is present also in quadrant 2 of the array. The difference in the
nFETs in quadrant 2 and quadrant 4 is that nFETs in quadrant 2 are oriented in [100]
and nFETs in quadrant 4 in [010]. The Cu-Sn microbumps consisted of Cu pads with
different dimensions, as indicated in figure 7.36. One side held a Cu and Sn pad of 15
µm in diameter while the Cu pad on the other side was 25 µm in diameter. The TSV
was present on the Si side with larger Cu pads, connected on the side of the microbump,
as shown in figure 7.36.
The coverage of all sensors over a quarter of the die, including diodes and heaters
is shown in figure 7.37. Each square in figure 7.36 represents one cell, covering an area
of 16x16 cells.
7.4.3 3D stack design comparison
The ETNA, FUJI and PTCQ test chips, sorted in chronological order, were used to
produce 3D IC stacks. All produced stacks were 2-level stacks, i.e. a stack of two dies.
The ETNA test chip was used as the logic die in a logic on DRAM configuration. FUJI
dies were stacked on each other acting as a logic-on-logic test case. The PTCQ dies
were also stacked on each other immitating a logic-on-logic test case, with stress sen-
sors covered dies with a primary purpose of assessing stress levels after 3D assembly.
Table 7.6 summarizes characteristic values of all 3 stacks generations.
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Table 7.6: Characteristic values of all 3 stacks generations
7.4.4 FUJI 3D stack results
7.4.4.1 FUJI 3D stack at room temperature
The first stacks to be processed after the logic on DRAM test case were the FUJI based
stacks. A FUJI die thinned down to 50 µm was stacked on a full thickness 700 µm die,
back-to-face, as shown in figure 7.38. The FUJI stack used the same underfill as in the
logic on DRAM test case, with slighlty different microbump dimensions. The upper
Cu pad remained 30 µm in diameter, the Cu-Sn region was smaller equaling 15 µm in
diameter and the bottom Cu pad spanned 25 µm in diameter. While the rest of the main
stack characteristics, table 7.6, remained the same, the thicker top Si represented the
main change. TSVs connecting top and bottom die were present, however the measured
sensors on the bottom die were not connected. Therefore, only the top die FEOL was
assessed.
Figure 7.39 presents a part of a layout on the top Si die that was used to assess the
underfill-microbump mechanism on FUJI stacks. A 5x5 p-FET array with transistor
width to length ratio 9 µm/8 µm was placed next to an underlying standalone mi-
croump. This array was labeled the microbump array. The p-FET array was placed 14
µm from the microbump center, therefore the underlying microbump projection just
touched the beginning of the p-FET array zone. A 5 µm in diameter TSV was also
processed next to the microbump array at 10 µm distance. In electrical measurements
on the same p-FET arrays with no microbumps it was revealed that the TSV has only
minor imapct on the first transistor in the middle row of the array, closest to the TSV.
Another array was monitored with no microbumps or TSVs in its immediate surround-
ing, labeled remote p-FET array. A 4x2 array of microbump was present at a distance
of 130 µm.
Electrical measurements of the microbump p-FET array and remote p-FET array
before and after stacking are shown in figure 7.40. The array current shifts before
stacking are normalized to the median value of their transistor array drain currents. The
current shifts after stacking are normalized to the current value of the same transistor
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Figure 7.38: Second generation of stacks - FUJI test chip based stacks. 50 µm on 50
µm, back-to-face.
Figure 7.39: Part of a layout on the top Si die that was used to assess the underfill-
microbump mechanism on FUJI stacks
212
CHAPTER 7. 3D STACKED ICS
Figure 7.40: Electrical measurements of the microbump p-FET array and remote p-
FET array before and after stacking are shown in figure 7.40. The array current shifts
before stacking are normalized to the median value of their transistor array drain cur-
rents. The current shifts after stacking are normalized to the current value of the same
transistor before stacking.
before stacking. A variation of current of approximately +/- 1% is seen before stacking
in both arrays. Currents within one row of both arrays are approximately of same value.
After stacking a current shift of around -6% is visible, slightly changing between
rows. Therefore, the stacking process through the underfill-microbump mechanism
exerted a stress that caused a 6% decrease of p-FET transistor currents. p-FET transis-
tors with current flow in [110] direction contain piezocoefficients which are of similar
absolute value, but opposite signed. If the p-FET array was placed directly above
the microbump where the in-plane stresses are of same magnitude and sign, minimal
current shifts would be expected because the contributions of the two in-plane stress
components to the p-FET current shift would cancel each other. In general, p-FETs are
not desirable sensors for underfill-microbump mechanism monitoring. However, the p-
FET array in this case is placed next to an underlying microbump, not directly above.
Further away from the microbump center, one of the two in-plane stress components
becomes dominant causing strongest current shifts in orbital type shapes, as seen in
figure 7.9 for p-type Si.
Figure 7.41 compares the results of current shifts from the p-FET array obtained
by finite element modeling and electrical measurements. The same material properties
were used as in table 7.3. The position of the microbump and microbump array are
highlighted on the simulated Si current shift pattern. The microbump array is posi-
tioned in the negative current shift orbital. The finite element model calculated stress
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Figure 7.41: Results of current shifts from the central column of the microbump p-
FET array obtained by finite element modeling and electrical measurements. The same
material properties were used as in table 7.3.
values on the top Si surface which were transfered within the same model using the
corresponding FUJI p-FET long channel piezocoefficients in table 5.1, obtained during
in-plane stress calibration. In the graph in figure 7.41, the current shifts of the central
column of the p-FET array were plotted, obtained with electrical measurements and by
finite element modeling using equivalent stress free temperatures of 170ºC and 250ºC.
The equivalent stress free temperature is the temperature within the simulation from
which cooling of the modeled structure is commenced. Using an equivalent stress free
temperature of 170ºC failed to match the electrically obtained current shifts, while us-
age of an equivalent stress free temperature of 250ºC resulted in a good match with
electrically obtained current shifts. The equivalent stress free temperature of 250ºC
corresponds to the stack bonding temperature. The results point in the direction that
there is stress build-up present above the underfill glass transition temperature as well.
Figure 7.42 analyzes the remote p-FET array. Although there is no microbump
present in its immediate surrounding, small current shifts are observed in the remote
p-FET array as well. Finite element modeling revealed that the 4x2 microbump array
visible in figure 7.39 to the right of the remote array is sufficiently close to the remote
array to cause current shift. The position of the 4x2 microbump array and remote p-FET
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Figure 7.42: Analysis of current shifts observed on the remote p-FET array. Finite
element simulations reveal that the 4x2 microbump array visible in figure 7.39 to the
right of the remote array is in sufficient distance of the remote array to cause current
shift. The position of the microbump array is indicated relative to the 4x2 microbump
array.
array are highlighted on the simulated Si current shift pattern. The remote p-FET array
is placed in the edges of the region of the positive current shift orbital. Furthermore,
in figure 7.42 finite element and electrically obtained current shift values of the second
column of the p-FET array are compared. The transistor in row 1, closest to the positive
current shift orbital exhibits the highest current shift while the furthest transitor from
the orbital exhibits the lowest current shift. Transistors in row 4 and 5 show a mismatch
with the finite element model, possibly due to local design features surrounding these
transistors.
The distance from the center of the closest microbump in the 4x2 array to the edge
of the remote p-FET array is 130 µm, as seen in figure 7.39. According to figure 7.4
b), a 30 µm in diameter microbump exhibited an impact zone in Si of 140 µm. If
the FUJI 30µm/15µm/25µm microbump is approximated as equivalent to the ETNA
microbump, a part of the remote p-FET array with a distance of 130 µm from the 4x2
microbumps indeed lies within its impact range. The p-FET microbump array edge is
at a distance of 206 µm from the first microbump in the 4x2 microbump array and is
therefore out of the impact zone of those microbumps.
Direct stress extraction from the configuration of sensors on the FUJI die is not
possible. The FUJI die consists of n-type and p-type devices oriented only in [110] di-
rection. The p-FET microbump array as well consists of only [110] oriented transistors.
Since out-of-plane stress on the top Si side is neglected, as discussed in section 7.1 and
deducted from figure 7.4, the following minimal requirements need to be satisfied for
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[001] surface Si in order to extract in-plane stress on the top Si side:
• Presence of two MOSFETS, one in longitudinal direction, the other in transverse
direction
• a MOSFET array or transistor oriented in only one direction need to be placed di-
rectly above the underlying microbump which is either a standalone microbump
or a microbump within a symmetric microbump array so that both in-plane stress
components can be approximated as equal. This procedure can only be con-
sidered valid direclty above the underlying microbump close to the microbump
center.
The transistors in the p-FET array in this case are oriented only in the [110] direction.
Furthermore, the array is placed next to the underlying microbump, not above it. A
direct extraction cannot be made. However, in order to get an idea of the magnitude of
the stress, the following approximation can be made. Since the p-FET array is placed
in the negative current shift orbital where one in-plane stress is dominant, the other in-
plane stress can in first approximation be neglected. Using eq. 5.7 and neglecting one
in-plane component and inputting a current shift of -6%, the stress results to 150 MPa.
Although an approximate method, the value of 150 MPa corresponds fairly close to
the 4.5 times stress drop with changing Si thickness from 25 µm to 50 µm, projected
in figure 7.24. The exact ratio of the stress observed in the ETNA logic on DRAM
case with a 25 µm thick die where 827 MPa was simulated and the approximated value
from FUJI stacks where 150 MPa is estimated is 5.5. The approximated value of 150
MPa gives a fairly good sense of how the stress significantly dropped in the FUJI stack
with primarily just changing the Si thickness from 25 µm to 50 µm compared to the
previous logic on DRAM case.
7.4.4.2 FUJI 3D stack at elevated temperatures
A n-FET microbump array of the same configuration as the p-FET microbump array,
with 8 µm x 9 µm transistors was monitored to assess underfill-microbump stress
build-up at elevated temperatures. The n-FET array was placed in the same surrounding
as the p-FET microbump array, next to a 30 µm/ 15 µm/ 25 µm in diameter microbump
and a 5 µm in diameter TSV. The TSV, as with the p-FET array, had minor impact only
on the closest transistor in the middle array row. The microbump was placed at a
distance of 14 µm from the n-FET array edge. The electrical current of transistors in
the n-FET microbump array was monitored at 25ºC, 55ºC and 85ºC. Figure 7.43 shows
the distributions of current shifts of the n-FET microbump array at 25ºC and the layout
of the n-FET array and its surrounding. Since the p-FET array from section 7.4.4.1
was used for stress monitoring at room temperature, in order to obtain the appropriate
current shifts all of the transistors were referenced to their own values before stacking.
When raising the temperature, the transistors drain current is impacted by the change
in stress and the direct impact of temperature change. In order to separate these effects,
assuming each transistor in the array has the same sensitivity to temperature, the drain
currents of the whole array were referenced to the minimum drain current value within
the array. This does not give the most precise method for tracking stress but it does
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Figure 7.43: Current shifts of the n-FET microbump array at 25ºC next to the layout
of the n-FET array and its surrounding. Currents are referenced to the minimum value
within the array.
Figure 7.44: Current shift measurements on 25ºC, 55ºC and 85ºC all referenced to the
minimum current value within the array. A clear drop in current shift with temperature
due to stress relaxation is visible.
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Figure 7.45: Maximum current shifts of the n-FET microbump arrays from 4 stacks
versus temperature and current shifts obtained by the finite element model. The glass
transition temperature of UF 6-A was 81 ºC and is highlighted in the graph. The max-
imum temperature at which the currents were electrically measured was 85 ºC due to
limitations of the measurement equipment, which is in essence up to the glass transition
temperature of the underfill.
ensure that at elevated temperatures, when normalizing to the minimum current, the
current shifts are related only to the change in stress.
Figure 7.44 shows current shift measurements at 25ºC, 55ºC and 85ºC all refer-
enced to the minimum current value within the array. A clear drop in current shift with
temperature due to stress relaxation is visible. The current shift shape lowers with the
maximum values dropping from 3.8% at 25ºC to 3.2% at 55ºC and 2.6% at 85ºC.
In a further study, n-FET microbump arrays from 4 FUJI stacks were measured
at the same temperatures - 25ºC, 55ºC and 85ºC. In parallel, finite element simula-
tions were performed to produce current shifts at the same n-FET array locations. The
piezocoefficients for FUJI long channel n-FET transistors with channel width to length
ratio of 8 µm/ 9 µm obtained through in-plane stress calibration were used to transfer
in-plane stress to current shift.
Figure 7.45 plots the maximum current shifts of the n-FET microbump arrays from
4 stacks versus temperature and includes the current shifts obtained by the finite ele-
ment model. The glass transition temperature of UF 6-A was 81 ºC and is highlighted
in the graph. The maximum temperature at which the currents were electrically mea-
sured was 85 ºC due to limitations of the measurement equipment, which is in essence
up to the glass transition temperature of the underfill.
All 4 stacks exhibited between 3 and 4% current shift at room temperature dropping
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Figure 7.46: Comparison of the used underfill’s Young’s modulus and CTE with the
generated current shift levels. Three regions of stress generation can be isolated.
linearly by about 1% at the highest measured temperature of 85ºC due to relaxation
of stress at elevated temperatures. The glass transition temperature of the underfill
was 81ºC, exactly at the limit of the electrical measurement setup which means direct
monitoring above Tg was not possible. The linearly projected equivalent zero stress
temperature according to electrical measurements was estimated to just above 200ºC.
However, bonding is done at 250ºC and the underfill Young’s modulus and CTE exhibit
non-linear changes crossing the Tg which is why linear stress build up above Tg does
not seem realistic. The finite element model considered cooling of the stack from
a temperature above 250ºC in order to take into account the cure shrinkage of the
underfill before actual structure cooling starts.
According to the finite element model, from bonding temperature the stress builds
up slightly non-linearly to 1.5% current shift reaching the zone around Tg. Just before
Tg, the changing underfill properties seem to cause a steeper stress increase in Si and
below Tg the stress linearly reaches a value above 3% current shift, which is within the
range of the electrical measurements. The electrical measurements from figure 7.45
clearly show that not all stress has been generated between the underfill’s Tg and room
temperature. Stress is being generated above the underfill’s Tg as well. The stress
build up above Tg contributed to more than 50 % of the total stress. The finite ele-
ment model current shifts at room temperature match with the experimentally obtained
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Figure 7.47: An exercize where the underfill’s Young’s modulus was altered to fit the
slope below Tg of the current shift obtained through electrical measurements. The
model accuracy is highly dependent on the accuracy of its input parameters.
current shifts at room temperature. Furthermore, at higher temperatures above Tg, the
finite element model, although limited in accuracy due to the complexity and accuracy
of inputted material properties, also indicates significant stress build-up. Therefore, the
underfill-microbump stress build up above Tg should not be neglected.
Figure 7.46 compares the used underfill’s Young’s modulus and CTE with the gen-
erated current shift levels. Three regions can be isolated in comparison with the chang-
ing Young’s modulus and CTE properties:
• Stress build-up above Tg, region 3
• Stress build-up around Tg, region 2
• Stress build-up below Tg, region 1
The stress build-up around and above the underfill Tg is sensitive to the underfill’s
Young’s modulus and CTE changes. The exact Young’s modulus and CTE are hard to
know as they are not always available from DMA and TMA curves, but only publicly
available datasheets, if not characterized in house. A slight change in Young’s modulus
or CTE changes the slope of the linear stress build up as well which can then better
be matched to the slope of the electrical measurements. Figure 7.47 presents results
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Figure 7.48: Simulated current shifts with and without included underfill cure shrink-
age versus electrical measurements on one sample. Inclusion of cure shrinkage gives
rise to current shift. The impact of cure shrinkage should not be neglected.
of an exercise where the underfill’s Young’s modulus was altered to fit the slope of the
current shift below Tg obtained through electrical measurements. After alteration of the
underfill’s Young’s modulus from a constant value of 2600 MPa below Tg to a linearly
rising value from 2200 MPa to 2900 MPa, the slope of the finite element obtained
current shift matched the slope of the electrically obtained current shifts. Young’s
modulus values obtained from DMA curves are not always constant below Tg and with
certain underfills a certain slope below Tg can be expected. DMA and TMA curves
for most underfills in figure 7.15 were obtained as input for finite element simulations.
Unfortunately, data for UF 6-A was available only from a datasheet. For this reason,
obtaining precise underfill material properties is of high importance.
Figure 7.48 serves as a background for a discussion related to the underfill’s cure
shrinkage. All 3D IC stacks were in fact modeled with an effect from cure shrink-
age, according to eq. 7.3. Although a simplistic inclusion of cure shrinkage, models
with included cure shrinkage matched closer the electrical measurements. In the case
of FUJI stacks, finite element obtained current shift dropped by 0.3%. The difference
varies with different used underfills. As visible from figure 7.48, in order to include un-
derfill cure shrinkage, the equivalent zero stress temperature used on the finite element
model from which the 3D stack model was cooled was raised according eq. 7.3. More
substantial evidence on the impact of underfill’s cure shrinkage was not gathered and it
can be argued that a more complex underfill model without the usage of cure shrinkage
will also result in better matching with electrical measurements. However, until proven
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otherwise, cure shrinkage in terms of stress build-up should not be neglected.
7.4.5 PTCQ 3D stacks results
The FUJI stacks from section 7.4.4 were followed by stacks based on the stress ded-
icated test chip PTCQ. The design of the PTCQ die is presented in section 7.4.2 and
the characteristics of the PTCQ 3D stacks summarized and compared to the ETNA and
FUJI stacks in table 7.6. The PTCQ stack maintains the top die thickness at 50 µm
as the FUJI stack but lowers the microbump pitch to 40 µm. Furthermore, a new un-
derfill is used for the PTCQ stacks, UF 9-C, which however induces almost the same
amount of stress as the previous underfill, UF 6-A, as visible from figure 7.15. UF 9-C
was chosen by the stacking development team primarily due to compatibility with the
in-house stacking process, rather than its thermo-mechanical behavior.
PTCQ n-type and p-type transistors present in all cells and used as global and lo-
cal transistors were calibrated to in-plane stress using 4-point bending. The results are
summarized in figure 7.49 and table 7.7. Out-of-plane calibration on the same PTCQ
n-type transistors was presented in section 5.2.2. The wafer orientation of the PTCQ
die is shifted by 45º compared to all previous test chips. Transistors in longitudinal
direction now have current flow in [100] and transverse transistors in [010], as visi-
ble from the illustration above table 7.7. Table 7.7 also includes values from Smith
[93] for [100] and [010] directions. While the stress calibration results from previous
test vehicles showed either resemblence to the Smith piezocoefficients or a trend was
present that could be related to the Smith coefficients, some PTCQ in-plane piezocoef-
ficients are considerably different. For the n-type and p-type transistor, stress calibra-
tion in transverse direction to the current revealed piezocoefficients of opposite signs to
Smith’s piezocoefficients. The n-type longitudinal calibration exhibited a piezocoeffi-
cient value 3 times lower than the Smith’s piezocoefficient equivalent while the p-type
longitudinal piezocoefficient was very close to Smith’s piezocoefficient. While lower
sensitivities compared to Smith’s piezocoefficients have been previously observed in
section 5, the reason for transverse n-type and p-type piezocoefficients with opposite
signs compared to Smith’s piezocoefficients is to this point unknown.
When out-of-plane stress is neglected, eq. 5.7 and eq. 5.8 can be rewritten in terms
of individual stress components using experimentally obtained piezocoefficients from
figure 7.49 and table 7.7. Eq. 7.4 and 7.5 extract longitudinal stress in [100], σl , and
transverse stress in [010], σt , from a set of longitudinal and transverse n-type transistors
with channels oriented in [100] and [010] directions and currents referred to as In,0 and
In,90, respectively. Eq. 7.6 and 7.7 extract the same components of stress based on the
same configuration with p-type transistors.
σl = 54.6 · ∆In,0In,0 −33.9 ·
∆In,90
In,90
(7.4)
σt =−33.9 · ∆In,0In,0 +54.6 ·
∆In,90
In,90
(7.5)
σl = 14.8 · ∆Ip,0Ip,0 −52.3 ·
∆Ip,90
Ip,90
(7.6)
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Figure 7.49: Current shift calibration results to in-plane stress for n-type and p-type
MOSFETs evaluated on the PTCQ test chip
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Table 7.7: In-plane piezocoefficients of the PTCQ n-type and p-type MOSFETs, cor-
responding to figure 7.49
σt =−52.3 · ∆Ip,0Ip,0 +14.8 ·
∆Ip,90
Ip,90
(7.7)
In eq. 7.4 -7.7 ∆In,0In,0 stands for n-type transistor current shift in longitudinal direction
[100], ∆In,90In,90 stands for n-type transistor current shift in transverse direction [010],
∆Ip,0
Ip,0
stands for p-type transistor current shift in longitudinal direction [100] and ∆Ip,90Ip,90 stands
for p-type transistor current shift in transverse direction [010].
Eq. 7.4 -7.7 are useful for stress extraction in Si in biaxial stress areas with negligi-
ble out-of-plane stress such as on the Si surface opposite of the microbump or in a 2D
package where the FEOL is facing the mold compound side. These equations can also
be applied to the biaxial test discussed in section 5.4. In a state where both in-plane
stresses and out-of-plane stress is present but where two in-plane stresses are of similar
value, eq. 5.5 and eq. 5.6 incorporating all normal stresses can be again reduced to
two-stress equations. Eq. 5.5 and 5.6 can be rewritten as
ΔI1
I1
= (pil +pit)σi+pivσv (7.8)
ΔI2
I2
= (pil +pit)σi+pivσv (7.9)
where σi represents the in-plane stress. Eq. 7.8 and 7.9 are essentially equiva-
lent equations meaning a set of one longitudinal and one transverse transisor, n-type
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or p-type do not contribute in extraction of in-plane stress σi and out-of-plane stress
σv. In order to extract in-plane stress σi and out-of-plane stress σv a set of one n-type
and one p-type transistor can be considered. In this instance, from an arithmetic view-
point, it makes no difference if one or the other transistor is in longitudinal or trans-
verse direction. A combination of longitudinal-longitudinal, longitudinal-transverse or
transverse-transverse transistors can be chosen, as long as one transistor is n-type and
the other is p-type. Eq. 7.10 and 7.11 present a set of equations with one transverse
n-type transistor, In,90, and one transverse p-type transistor, Ip,90, respectively. This
equation system represents two equations with two unknowns from which the in-plane
stress σi and out-of-plane stress σv can be extracted.
ΔIn,90
In,90
=
(
pil,n+pit,n
)
σi+piv,nσv (7.10)
ΔIp,90
Ip,90
=
(
pil,p+pit,p
)
σi+piv,pσv (7.11)
7.4.5.1 Global stress
PTCQ long channel n-FETs and p-FETs from cell 1 and cell 2 were measured to ana-
lyze global stress occuring across the die after 3D IC stacking. The current shifts were
calculated by comparison to wafer level measurements. N-type and p-type transitors
from cell 1 and 2 were placed in between microbumps as shown in figure 7.50 a). The
underfill is present in the actual 3D stack but has been removed from figure 7.50 for
better visibility. In a three dimensional perspective, the transistors were placed within
a microbump array with equal distance of 28 µm to all 4 surrounding microbumps.
In this area, the two in-plane stresses are considered to be equal. Therefore, eq. 7.10
and 7.11 can be used to extract the in-plane and out-of-plane stress in the position of
the global sensors across the die. Figure 7.50 b) presents extracted in-plane and out-
of-plane stress values on both tiers. All stresses on tier 1 and tier 2 are below 100
MPa. In-plane stresses on tier 1 and tier 2 vary across the die between 40 MPa and
100 MPa. The out-of-plane stress seems to be slightly lower than the in-plane stresses,
however within the range of in-plane stress measurements. The out-of-plane stress on
tier 2 varies around zero, confirming out-of-plane stress on the opposite side of the mi-
crobump is negligible. No global trend can be recognized. Stress variations along the
die can be attributed to local structures impacting the sensors.
7.4.5.2 Local stress
PTCQ long channel n-FETs from cell 3 were measured to analyze local stress from
the underfill-microbump mechanism and the Cu pad after 3D IC stacking. Figure 7.51
presents the layout of the 7x8 n-FET array and individual surrounding n-FETs in the
surrounding of a) microbumps and b) a single Cu pad. The n-FET array is approxi-
mately 40 µm x 40 µm with transistor width to length being 4 µm x 4.4 µm. The
Cu pad which is part of the later created microbump on the n-FET array side spans
15 µm. In the second case, the Cu pad is placed above the n-FET array and spans 50
µm in diamater and 5 µm in height. The microbumps in the surrounding are placed
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Figure 7.50: Extraction of in-plane and out-of-plane stress on the PTCQ stack: a)
position of n-type and p-type global sensors and b) extracted stress values on tier 1 and
tier 2
at 40 µm pitch from each other. The microbump array is large reaching at least 15x15
microbumps, except in limited number of cells on the very edge of the die.
Figure 7.52 summarizes the positions of local n-FET arrays and the structural com-
binations they have been applied to:
• in the presence of a microbump - directly below the microbump and on the op-
posite side of the microbump
• in the presence of a Cu pad, no microbump present - on tier 1 and directly below
the Cu pad on tier 2
• in the presence of both microbump and Cu pad - directly below the microbump
and on the opposite side of the microbump below a Cu pad
The underfill is present in the actual 3D stack but has been removed from figure 7.52 for
better visibility. Figure 7.53 summarizes the measured n-FET array current shifts from
the combinations in figure 7.52. Current shifts from 8 transistors of the 4th column are
plotted, as indicated by the red arrow in figure 7.51 a) and b). The reference values are
taken before stacking on wafer level.
Figure 7.53 a) shows the response of the n-FETs below the microbump and directly
above the microbump, case a) in figure 7.52. On tier 2, on the opposite side of the mi-
crobump, around 6% current shift is detected. On the opposite side of the microbump
in-plane stress is dominant. In case of ETNA stacks, clear current shift curvature was
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Figure 7.51: 7x8 n-FET array and individual surrounding FETs acting as local stress
sensors on the PTCQ die: a) the n-FET array in a surrounding of microbumps and b)
the n-FET array below a single Cu pad.
Figure 7.52: Positions of local n-FET arrays and the structural combinations they have
been applied to: a) array on tier 1 below a microbump and on tier 2 on the opposite
side of the microbump, b) array on tier 1 with no microbump or Cu pad and on tier 2
below a Cu pad and c) array below a microbump on tier 1 and on the opposite side of
the microbump below a Cu pad
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Figure 7.53: The measured n-FET array current shifts from the combinations in figure
7.52. Current shifts from 8 transistors of the 4th column are plotted, as indicated by
the red arrow in figure 7.51 a) and b). The current reference values are taken before
stacking on wafer level.
visible on the opposite side of the microbump with highest current directly above the
microbump position. In this PTCQ case, the die is twice as thicker, at 50 µm, the
stress is significantly lower and the pronounced current shift shape dissapears. In-
stead, the current shift remains steady across the whole array. If the two in-plane stress
components are considered equal, using equation 5.7 for a single transistor when out-
of-plane stress is neglected and experimentally obtained PTCQ piezocoefficients for
n-FETs from table 7.7, the extracted in-plane stress in Si on the opposite side of the
microbump equals to 125 MPa. This value is in range of the stress extracted on the
FUJI stacks. The FUJI stacks with same top Si thickness and an underfill which in-
duces similar amounts of stress exhibited a stress of 150MPa. The small microbump
pitch might have had an impact on the slightly lower stress in the PTCQ stack.
Measurements on tier 1 for the first time reveal current shifts directly below the mi-
crobump. A current shift curvature is present with values up to +10%. As previously
discussed during transistor out-of-plane stress calibration in section 5.2.2 and figure
5.10, directly below the microbump compressive out-of-plane stress becomes domi-
nant. Therefore, the current shift is predominantly impacted by the out-of-plane stress.
Figure 7.54 repeats the finite element simulation results from section 5.2.2, figure 5.10,
plotting out-of-plane stress and in-plane stress over a path below 5 microbumps in tier 1
of the PTCQ stack. The results in figure 7.54 a) point to high compressive out-of-plane
Si stress of 400 MPa below microbump positions and small tensile out-of-plane stress
in between the microbumps of around 100 MPa. The in-plane stress results, 7.54 b),
point to compressive in-plane Si stress below the microbump approximately 3.6 times
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Figure 7.54: Simulated out-of-plane stress and in-plane stress over a path below 5 mi-
crobumps in the tier 1 of the PTCQ stack. The results in figure 7.54 a) point to high
out-of-plane Si stress of 400 MPa below microbump positions and small out-of-plane
stress in between the microbumps of around 100 MPa. The in-plane stress results,
7.54 b), point to compressive in-plane Si stress below the microbump approximately
3.6 times lower than the out-of-plane stress. The in-plane stress values between mi-
crobumps is negligible.
lower than the out-of-plane stress. The in-plane stress values between microbumps is
negligible. In comparison with the results from tier 1 global sensors lying in the same
position between the microbumps in figure 7.50, the finite element model underesti-
mates the global stress. The global sensors extracted in-plane stress values between
40 MPa and 100 MPa, depending on local features in the die. In the simulation, Si
was taken as isotropic and Cu plasticity was not included. Enhancements of the model,
such as including Si as orthotropic and Cu plasticity could provide a more accurate
view on absolute stress values. Regardless, the finite element model in figure 7.54
does aid in presenting the trends of dominant compressive out-of-plane stress below
the microbump compared to the previously observed negligible out-of-plane stress and
dominant in-plane stress in Si on the opposite side of the microbump.
Figure 7.55 compares out-of-plane stress values in Si directly below the microbump,
as in figure 7.52 a), obtained with 2 different methods: the electrical measurements
from figure 7.53 a) - tier 1 and finite element model from figure 7.54 a). At lower
stresses the extracted stresses vary while the methods match at compressive stress val-
ues. The out-of-plane stress extraction from electrical measurements was based on the
out-of-plane stress calibration from section 5.2.2 and piezocoefficient values in table
5.5. The initial piezocoefficient value of 300 ppm/MPa is taken for current shift to
stress conversion as it incorporates presence of in-plane stress in its value. Direct out-
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Figure 7.55: Out-of-plane stress values in Si directly below the microbump, as in fig-
ure 7.52 a), obtained with 3 different methods: the electrical measurements from figure
7.53 a) - tier 1, finite element model from figure 7.54 a) and micro-Raman measure-
ments. At lower stresses the extracted stresses vary while all 3 methods match at com-
pressive stress values higher than 300 MPa.
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of-plane stress extraction is otherwise not possible as only one transistor type in one
orientation is available.
Figure 7.53 b) presents results on tier 2 with a Cu pad and with no microbump
present on tier 1. The current shift responses on tier 1 exhibit a slight positive shift of
+1.5% while tier 2 current shifts exhibit a small curvature with negative current shift
reaching -3%. The case on tier 1 is equivalent to the position modeled between the
microbumps in figure 7.54 and to the position of extracted global stress between the
microbumps. When stress extracted from the global stress sensors in figure 7.50 is
used as input to equation 7.10, describing local n-FET array transistor response, the
calculated current shifts of the n-FET array lie within range of the actual measured
current shifts. If 50 MPa of in-plane stress and 20 MPa of out-of-plane stress is taken
from the extracted stress values in figure 7.50, the calculated current shift is exactly
+1.5%, as observed with measurements. The negative current shift below the Cu pad
on tier 2 indicates presence of compressive stress.
Figure 7.53 c) presents current shift results directly below the microbump and op-
posite of the microbump in the presence of a Cu pad. The same current shift curvature
on tier 1 is observed as without the Cu pad on the opposite side. On tier 2, the compres-
sive impact of the Cu pad from 7.53 b) is impacted by the tensile in-plane stress from
7.53 a) resulting in a positive shift of the curve observed in figure 7.53 b) by about 2%.
Figure 7.56 analyses further the impact of the Cu pad. Figure 7.56 a) compares the
current shifts on tier 2 with and without microbump presence and the forementioned
positive shift of the current shift curve. Figure 7.56 b) presents the same on tier 1.
While tier 1 is dominantly impacted by microbump presence, the resulting stress on
tier 2 was still vague. An initial hypothesis was made that stresses below the Cu pad
without the presence of the microbump is created by possible local bending by push-
ing on the Cu pad during stack bonding, illustrated on figure 7.56 next to the graphs.
However the current shift curvature below the Cu pad, although shifted to positive val-
ues, is present even with an existing underlying microbump which would prevent the
local bending. Therefore it is unlikely that local bending after stack bonding causes
this stress. Furthermore, it is unlikely that cooling of the structure and shrinking of the
Cu pad alone would cause sufficient stress to cause visible current shifts in Si.
In order to observe the evolution of current shift under a loaded Cu pad, n-FET
array currents were measured during application of out-of-plane stress on the Cu pad.
Out-of-plane stress was applied with a delaminator over a Si cube, as in section 5.2.2.
Figure 7.57 summarizes the results of n-FET array current shift monitoring under a
loaded Cu pad. Initially, at zero equivalent stress, reference current values from each
transistor in the array are taken. During loading, the current shifts on the 4th column
of the n-FET array are presented. With rising out-of-plane compressive stress, rising
positive current shift is observed, consistent with the obtained piezocoefficient sign
from section 5.2.2, table 5.5. After a maximum of 600 MPa and highest positive current
shifts within the n-FET array, the stress is lowered to 300 MPa. At this stress, n-FET
array current shifts vary around zero. Upon complete release of the load, negative
current shifts of -2% remain corresponding to tier 2 results from 7.53 b) and 7.56
a). Therefore, irreversible deformation occurs which leaves stress below the Cu pad
resulting in remaining negative current shfits on the local sensors beneath. The yield
stress of Cu was previously extracted with nano-indentation on the Cu pad, resulting in
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Figure 7.56: Analysis of the impact of the Cu pad. Figure 7.56 a) compares the current
shifts on tier 2 with and without microbump presence. Figure 7.56 b) presents the
same on tier 1. An initial hypothesis was made that stress below the Cu pad without
the presence of the microbump is created by possible local bending by pushing on the
Cu pad during stack bonding, illustrated next to the graphs.
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Figure 7.57: N-FET array current shift monitoring under a loaded Cu pad. Out-of-plane
stress was applied with a delaminator over a Si cube, as in section 5.2.2. After removal
of external out-of-plane stress, current shifts still remain due to plastic deformation of
Cu.
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Table 7.8: Main stack characteristics which were altered on the 3 test vehicles and lead
to stress decrease in position illustrated in figure 7.58. An additional column is added
with the extracted stress values. A significant decrease in stress is accomplished from
827 MPa on the ETNA stacks to 125 MPa on the PTCQ stacks.
300 MPa. Since the applied stress was higher than the yield stress of Cu, it is likely that
the remaining current shifts are a result of plastic deformation of the Cu pad.A negative
current shift according to eq. 5.5 and piezocoefficients from figure 7.49 and table 5.5
suggest a possibility of:
• acting dominant compressive in-plane stresses
• acting dominant tensile out-of-plane stress
Presence of tensile out-of-plane stress is not logical, as the out-of-plane stress was
released and there is no common ground for presence of tensile out-of-plane stress
after Cu pad deformation. The assumption is therefore that the negative current shifts
are a result of dominant compressive in-plane stress below the Cu pad. Translated to the
3D stack, it is likely that during bonding plastic deformation of Cu pad occurs leading
to the same stress generation. Compressive in-plane stress most likely occurs when,
during out-of-plane compressive bonding loads, the bottom edges of the deformed Cu
pad start pushing inwards in such a manner also compressing the BEOL and Si beneath.
7.4.6 Stress evolution - from ETNA to FUJI and PTCQ
The ETNA and FUJI stacks comprised sensors in the thin Si die on the opposite side
of the microbump. PTCQ stacks enabled measurements on the opposite side of the
microbump and directly below the microbump as well. It also enabled stress extraction
between the microbumps and assessment of Cu pad impact. Evolution of Si stress in
test vehicles ETNA, FUJI and PTCQ is presented by comparing stress levels from the
only common stress extraction position in all test vehicles, on the opposite side of the
microbump, as illustrated in figure 7.58. Table 7.8 states the main stack characteris-
tics which were altered on the 3 test vehicles and lead to stress decrease in position
illustrated in figure 7.58. An additional column is added to table 7.8 with the extracted
stress values. A significant decrease in stress is accomplished from 827 MPa on the
ETNA stacks to 125 MPa on the PTCQ stacks.
A large stress decrease is observed from ETNA stacks to FUJI stacks due to in-
crease of the top thin die thickness from 25 µm to 50 µm. The stress from the FUJI
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Figure 7.58: Evolution of Si stress in test vehicles ETNA, FUJI and PTCQ is presented
by comparing stress levels from the only common stress extraction position in all test
vehicles, on the opposite side of the microbump
stacks and PTCQ stacks are within range. The PTCQ stacks use an underfill which
causes slighlty higher stress than in FUJI stacks, however the addition of lowered mi-
crobump pitch down to 40 µm and larger microbump arrays result in slightly lower
stress than in FUJI stacks.
7.5 Summary
High current shifts above 40% were initially observed on n-FET transistors within a
3D IC stack, placed on the thin Si die, on the opposite side of the microbump. The
initial stack consisted of a 25 µm thick die stacked on a 550 µm thick die. This cur-
rent shift was linked to stress generated by the underfill-microbump stress mechanism.
During cooling of a 3D IC stack after die bonding, the underfill as the material with the
highest CTE in the surrounding, shrinks and pulls the thin Si die over the underlying
microbumps causing local warpage of the thin Si die. The underfill microbump stress
mechanism is a CTE mismatch driven mechanism initiated by the underfill material.
The 40% current shift was linked to 827 MPa of Si stress.
In total three 3D IC stack generations were assembled: based on the ETNA test
chip, the FUJI test chip and the PTCQ test chip. ETNA and FUJI are logic based test
chips primarily processed for research on advanced FEOL devices, while PTCQ is a
test chip dedicated to research on FEOL mechanical stress in 3D IC stacks and 3D IC
packages. In the first 3D IC stack generation, ETNA based, and in the second 3D IC
stack generation, FUJI based, stress in Si was analyzed on the thin die on the opposite
side of the microbump. In the third 3D IC stack generation, PTCQ based, stress was
analyzed in multiple positions, including the Si side opposite of the microbump, under
the microbump and between microbumps. Additionaly, the stress impact of Cu pads
used to create microbumps was assessed.
In summary, stress in Si through three 3D IC stack generations was assessed in the
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following locations:
• on the opposite side of the microbump
• below a microbump
• between microbumps
• beneath a Cu pad
• combinations of a microbump and a Cu pad
On the opposite side of the microbump, tensile in-plane stress components in Si are
dominant. Compressive out-of-plane stress becomes dominant in Si below the mi-
crobump. Generated stress patterns in Si from the underfill-microbump mechanism
on the opposite side of the microbump are circular. Negligible amounts of stress are
observed in Si if an underfill is not present.
N-type and p-type Si and in that sense n-type and p-type MOSFETs have a distinc-
tively different response to mechanical stress. The circular stress in Si on the opposite
side of the microbump generated by the underfill-microbump mechanism creates cir-
cular, dominantly positive current shift patterns for n-type Si and orbital current shift
patterns for p-type Si with regions of negative and positive current shift. In finite ele-
ment models, simulated stress values are linked to current shift using piezocoefficients
obtained through stress calibration. During stress extraction using MOSFETs, using
experimentally obtained piezocoefficients, measured current shift is transferred to in-
plane and out-of-plane stress components.
Keep-out zones, prohibited areas in Si for processing MOSFETS and other sen-
sitive FEOL devices on IC layouts due to the underfill-microbump stress impact, are
proposed. Circular keep-out zones, primarily above the microbump position are pro-
posed for n-type devices. Rectangular keep-out zones around the microbump position,
but not directly above the microbump position, are proposed for p-type devices.
Underfill-microbump stress mitigation guidelines are proposed and ranked accord-
ing to benefiting impact, from highest to lowest impact on stress reduction in Si:
• increasing die thickness
• choosing a low-stress underfill
• decreasing the pitch between microbumps
• decreasing microbump height
• grouping microbumps in larger arrays
The underfill thermal shrikage defined by its CTE below and above its glass transition
temperature has the highest impact on underfill thermo-mechanical behavior. Choosing
an underfill with lower thermal shrinkage decreases stress levels in Si significantly.
Additionaly, choosing an underfill with higher glass transition temperature and lower
cure shrinkage could reduce stress levels in Si further. A process involving creation of
etched rings in Si around the microbump is proposed in attempt to provide a potential
236
CHAPTER 7. 3D STACKED ICS
alternative to Si stress reduction. When grouping microbumps in an array and when
microbump are at sufficiently close pitch for their stress fields to interact, an edge effect
can be expected. The microbump array edge effect involves stress peaks in Si observed
above microbumps on the edge of the microbump array. Otherwise, increasing the
size of the microbump array decreases stress in Si above the microbumps within the
microbump array.
FEOL stress after 3D IC stacking was further analyzed on FUJI and PTCQ stacks.
The main differentiator between these new generations of stacks and the ETNA stack
is an increase of top Si, from 25 µm to 50 µm. The PTCQ stacks additionaly decreased
the microbump pitch from above 200 µm to 40 µm and grouped microbumps in large
arrays over the whole stack.
In Si on the opposite side of the microbump tensile in-plane stresses are domi-
nant. Directly above the projected microbump center, in-plane stress components are
of equal value. P-type transistors in a [110]/[-110]/[001] reference frame will exhibit
lower current shifts when placed directly above the projected microbump center as
in that reference frame they have in-plane piezocoefficients of similar value and op-
posite sign. N-type transistors are preferable for monitoring the underfill-microbump
stress mechanism in a [110]/[-110]/[001] reference frame on the opposite side of the
microbump as their in-plane piezocoefficients are of the same sign. N-type transistors
will therefore not cancel out the impact of in-plane stress components which are of
the same sign and similar in that position. In Si below the microbump, n-type transis-
tors could be more desirable as they exhibit a high sensitivity to out-of-plane stress.
However, a combination of n-type and p-type sensors below the microbump enables
individual in-plane and out-of-plane stress component extraction.
Underfill-microbump stress was analyzed on the FUJI stack on the opposite side of
the microbump. Long channel p-FET arrays of the 32nm technology node with transis-
tors oriented in longitudinal direction were placed in the vicinity of the microbump. A
current shift of -6% was observed linked to 150 MPa of tensile stress. Current shift was
also monitored at elevated tempertures up to 85 ºC. The impact of temperature on stress
sensors was offsetted. Current shift decrease due to stress relaxation at higher temper-
atures was observed . Linear extrapolation of current shifts refered to an equivalent
stress free temperature of the 3D IC stack just above 200 ºC. Finite element simu-
lations show good agreement with observed current shifts at room temperature if the
stack thermo-mechanical bonding temperature of 250 ºC is taken into account. Accord-
ing to electrical measurements on stress sensors and finite element simulations, stress
build up above the glass transition temperature should not be neglected. More complex
finite element models need to be built, based on more detailed studies of underfill be-
haviour above its Tg in order to extract the real equivalent zero stress temperature of a
3D stack.
The PTCQ test chip was designed to capture stress throughout the die after 3D
IC stacking and packaging. N-type and p-type transistors oriented in longitudinal and
transverse directions, individual and in array configuration, acted as global and local
stress sensors. Current shifts were measured on the opposite side of the microbump,
below the microbump and between the microbumps. The stress impact of the Cu pad
above the FEOL was also analyzed. Stress extracted on the opposite side of the mi-
crobump equals to 125 MPa of tensile in-plane stress. Out-of-plane stress extracted
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below the microbump equals to close to 400 MPa of compressive stress. In-plane
and out-of-plane stress between the microbumps is below 100 MPa with out-of-plane
stress lower than in-plane stress. On the thin Si die opposite of the microbump, where
in-plane stresses are dominant, out-of-plane stress is negligible. The Cu pad induces
non-negligible negative current shifts on n-type transistors below. Plastic deformation
of Cu, most likely during thermo-compression bonding of the stack, could be the reason
for remaining stress in Si below the Cu pad.
When stress in Si on the opposite side of the microbump is observed through the
stack generations, a stress decrease is successfully observed, from an initial value of
827 MPa down to 150 MPa on the FUJI stacks and 125 MPa on the PTCQ stacks.
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2D and 3D packaging
Chapter 8 comprises results from studies on 2D and 3D IC packages. In total three
package types were analyzed: a 2D BGA package with internal wirebonds, a 2D BGA
with internal Cu pillars and a 3D SIC BGA package. All packages included the PTCQ
test chip. The 2D IC packages were assembled for confirmation of mechanical stress
principles in a 2D environment and as a test case for new methods of stress component
extraction. The 2D packaging environment acted as a learning curve towards 3D SIC
packaging. Section 8.1 compares the material properties of the used mold compounds
and package substrate. Section 8.2 analyzes Si stresses in the 2D BGA package with
wirebonds. Section 8.3 analyzes Si stresses in the 2D BGA package with Cu pillars,
acting as a final step towards 3D packaging. Section 8.4 analyzes the stresses occuring
after packaging of the PTCQ 3D stack.
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Table 8.1: Material properties of 5 epoxy mold compounds (EMC) and the laminate
substrate material that were used for 2D and 3D packaging
8.1 Impact of packaging in 2D technology
The PTCQ die was packaged in 2D IC and 3D SIC technology. The 2D IC packages
were assembled for confirmation of mechanical stress principles in a 2D environment
and as a learning curve towards 3D SIC packaging. Subsequently, 3D SIC packages
were assembled and their thermo-mechanical impact analyzed. To this day, no pub-
lished results on the thermo-mechanical behavior of 3D SIC packages was present.
In total 3 package configurations were assembled:
• 2D BGA package with internal wirebonds
• 2D BGA package with internal Cu pillars
• 3D SIC BGA package
Table 8.1 summarizes material properties of 5 epoxy mold compounds (EMC) and the
laminate substrate material that were used for 2D and 3D packaging. The main dif-
ferentiators of these mold compounds are their glass transition temperature and CTE
above the glass transition temperature. The laminate has a high glass transition tem-
perature, above the mold compound processing temperature.
8.2 2D wirebonded package
The first assembled package involved a 2D BGA package, illustrated in figure 8.1,
where the PTCQ die FEOL, facing upwards, was attached to the package substrate
with the die attach glue and the electrical connections were established by means of
wirebonds. The thickness of the Si equaled to 300 µm, the substrate 240 µm and
the total height of the mold compound 700 µm. Slightly less than 400 µm of mold
compound was present above the die as the die thickness measures nominally 30 µm.
The 2D BGA package with wirebonds was overmolded with two mold compounds,
EMC 1 and EMC 2, properties of which are shown in table 8.1.
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Figure 8.1: Illustration of the first assembled package with the PTCQ die. In the 2D
BGA package the PTCQ die FEOL, facing upwards, was bonded to the substrate with
wirebonds.
Figure 8.2 presents the first application of the package where in-plane stress extrac-
tion explained in section 5.2.3 was demonstrated. Global sensors, individual n-FETs
in longitudinal and transverse direction from cell 1 were measured on wafer level and
after packaging. When the FEOL is facing upwards towards the mold compound, out-
of-plane stress can be considered negligible and in-plane stresses dominant. The stress
map in Si on the active side facing the mold compound is similar to the biaxial stress
test in section 5.4, figure 5.24. The shear and out-of-plane stresses become dominant
at the edges of the test chip, below 100 µm distance from the die edge. In-plane stress
can be extracted using one longitudinal and one transverse transistor of the same type
according to eq. 5.7 and 5.8. The extracted in-plane stresses are additionaly consid-
ered equal across the die, far enough from the die edges. Figure 8.2 presents extracted
in-plane stress values from several distributed points across the die indicated in the
illustration above the results. Compressive stress is observed on the die surface, con-
sistent with the shrinking nature of the mold compound after cooling from processing
temperature of 180 ºC to room temperature. The stress values exhibit a considerable
variation with most stress values around -100 MPa. Higher values are assumed to oc-
cur due to local filler particles of the mold compound in the vicinity of the transistor
pressing down on the trasistor location during cooling. The instability of the results
might be connected to the very bad yield of the packages. In several cases, the whole
package or parts of the package were not electrically functional.
Further investigation was done on the warpage of the 14mm x 14mm package with
EMC 2 and comprising 8mm x 8 mm die with optical profilometry, mechanical pro-
filometry and X-ray, presented in figure 8.3. Mechanical and optical profilometry was
performed on the package mold compound surface and revealed a convex shape over
the package with small concave regions towards the package edges, figure 8.3 a). In-
tuitively, if the convex shape is transfered to the die as well, this would indicate tensile
stress on the die surface which is in conflict with the electrical measurments. X-ray
diffraction was employed to investigate the warpage of the comprising die. These mea-
surements were performed by the team of prof. P.J. McNally of DCU. X-rays penetrate
to the desired top Si surface and reveal warpage due to the shifts of the diffracted Bragg
angle. The trend of the diffracted Bragg angle can indicate convex or concave warpage.
A rocking curve (RC) map of the top Si surface was plotted in figure 8.3 b) indicating
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Figure 8.2: Demonstration of in-plane stress extraction from the PTCQ die after 2D
packaging, in case of EMC 1 and EMC 2
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Figure 8.3: Further investigation was done on the warpage of the 14mm x 14mm pack-
age with EMC 2 and the warpage of the 8mm x 8 mm die inside the package with: a)
optical profilometry and mechanical profilometry and b) X-ray diffraction. Profilome-
try indicates a convex shape of the package while X-ray reveals the inner die warped
in a concave shape.
concave nature of Si die top surface warpage. Therefore, the mold compound surface
above the top Si die surface exhibits convex warpage with small concave regions on the
edges of the package while the Si die within the package exhibits concave warpage.
The following hypothesis to explain the occuring warpages is proposed. Bonding
of the die to the laminate substrate with the die attach is usually done at temperatures
equal to or slightly below the mold compound processing temperature of 180 ºC. The
die is placed on the viscous die attach at room temperature. While raising the temper-
atures, expansion of both the Si and substrate occurs, however bending of the structure
does not occur as the die attach is in liquid state, unable to create a bending moment to
the die to substrate system. Therefore, at 180 ºC or slightly lower, the die to substrate
structure can be assumed as flat. Following the hardening of the die attach after pro-
longed exposure to high temperature, a firm die to substrate link is created and during
cooling to room temperature, bending of the structure can be expected, most likely in
convex shape as the CTE of the laminate is higher than the one of Si. The mold com-
pound is dispensed again at 180 ºC. At this temperature, the die to substrate structure
can again be assumed to be flat. In case the mold processing temperature is higher
than the previous die to substrate bonding temperature, a slight convex die to substrate
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Figure 8.4: Assumed mechanism resulting in warpages observed in figure 8.3. At the
mold process temperature of 180 ºC, during mold compound hardening, the shrinkage
of the mold compound caused by material curing results in a bubble of mold compound
material above the die. In essence, the mold compound shrinks during curing and starts
feeling and impact from the shape of the Si die finally creating convex curvature above
the Si die. During cooling of the package, due to higher thermal shrinkage than the
substrate, the mold compound acts in a concave way, which could explain the concave
observed shape at the edges of the package in figure 8.3 a).
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shape might occur. After mold hardening at 180 ºC, during cooling of the package,
the shrinking of the mold compound is dominant. The calculated thermal shrinkage of
the mold compound, given by eq. 7.2, equals to 0.33% while the substrate’s thermal
shrinkage equals to 0.22%. From the point of thermal shrinkages of materials within
the package, the package should have an overall concave shape. An additional effect is
assumed to play a role, presented in figure 8.4. At the mold process temperature of 180
ºC, during mold compound hardening, the shrinkage of the mold compound caused by
material curing results in a bubble of mold compound material. In essence, the mold
compound shrinks during curing and folds around the Si die creating convex curvature
above the Si die. During cooling of the package, the mold compound initiates a con-
cave warpage of the package, which could explain the concave observed shape at the
edges of the package in figure 8.3 a).
8.3 2D BGA
The following 2D package included a BGA with Cu pillars between the die and lami-
nate substrate, as illustrated in figure 8.5. The thickness of the die in this case was 200
µm, the substrate 390 µm, the Cu pillars spanned 50 µm in diameter and 70 µm in
height while the mold compound extended to 770 µm. The package planar dimensions
remained at 14mm x 14mm.
The package was assembled with 3 different mold compounds, EMC 1, EMC 2,
EMC 3 and without a mold compound, bonding only to the substrate. Global sensors
in cell 1, both n-FET and p-FET longitudinal and transverse devices were measured
on 9 different positions on the diagonal of the die. The illustrated measurement po-
sitions across the die and the observed current shifts from the FETs are summarized
in figure 8.6. Both n-FETs and p-FETs reveal the same current shifts in longitudinal
and transverse directions. As was the case with global sensors and microbumps after
3D stacking in section 7.4.5.1, the global sensors here after 2D packaging are placed
in equal distance from the surrounding Cu pillars. The equal current shifts in the two
different orientations confirm that the two in-plane stresses can be considered of the
same value. It is important to notice that the case without mold compound exhibits
similar ranges of current shift as the cases with mold compounds. P-type transistors
exhibit a greater difference between all cases with the die to substrate case exhibiting
the highest current shift.
Assuming equal in-plane stress components and utilizing one n-type transistor in
transverse orientation and one p-type transistor in transverse orientation, according
to eq. 7.10 and 7.11, in-plane and out-of-plane stress can be extracted. Figure 8.7
summarizes the stress extraction results on the same 9 positions across the die, with 3
different mold compounds and in absence of a mold compound, with only the substrate
attached. The structure with only the substrate attached to the die exhibits the highest
in-plane stress with slightly higher than 200 MPa of compressive stress. Adding mold
compounds lowers the stress. For EMCs 2 and 3, between 150 MPa and 200 MPa of
compressive stress and for EMC 1 around 100 MPa of compressive stress. The out-of-
plane stress varies for all cases between 50 MPa of compressive and 50 MPa of tensile
stress in Si. When the substrate is attached, compressive stress is visible, while adding
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Figure 8.5: Illustration of the second assembled package with the PTCQ die. In the 2D
BGA package the PTCQ die FEOL, facing downwards, was bonded to the substrate
with Cu pillars.
mold compounds changes the sign to tensile stress.
Optical profilometry was performed on the die in case of attachment to substrate,
shown in figure 8.8. The curvature on the top die surface indicates convex shape of the
die. This shape of the die implies tensile stress on the back side of the die and compres-
sive stress on the FEOL side. After bonding to the substrate at elevated temperatures,
the higher CTE of the substrate causes convex bending of the die to substrate struc-
ture at room temperature. The die to substrate structure is then heated again to 180 ºC
correcting somewhat the curvature. However, in the BGA package with Cu pillars, at-
tachment to substrate is performed with thermo-compression bonding done at tempera-
tures of 250 ºC, higher than mold compound processing. This means that after heating
the die to substrate structure to mold processing temperature of 180 ºC the structure
is likely still in convex shape. After mold processing, during cooling of the package,
the mold compound with a higher thermal shrinkage than the substrate becomes domi-
nant and attempts to correct the curvature, however certain levels of compressive stress
remain observed as a negative current shift of n-FETs and positive current shift of p-
FETs. More convex curvature is created than the mold compound can correct as die
to substrate assembly was done at temperatures 70 ºC higher than the mold compound
processing.
8.4 Stress build up in a 3D stacked IC package
Following 2D packages, first 3D packages were processed. These included packaging
the PTCQ stack from section 7.4.5. The PTCQ 3D BGA package is illustrated in figure
8.9. Instead of Cu pillars, flip chip solder balls of 70 µm in height were used. Two
substrate thicknesses were used, 280 and 390 µm. The mold compound thickness
of 700 µm and 14mm x 14mm package dimensions remained the same as in the 2D
BGA case. Figure 8.10 shows photographs of the 3D SIC package, where figure 8.10
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Figure 8.6: Current shifts observed on the n-FET and p-FET global sensors taken from
9 measurement positions across the die diagonal
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Figure 8.7: Extracted in-plane and out-of-plane stress on the same 9 positions across
the die diagonal, with 3 different mold compounds and in absence of a mold compound,
with only the substrate attached. The structure with only the substrate attached to the
die exhibits the highest in-plane stress.
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Figure 8.8: Optical profilometry performed on the die in case of attachment to sub-
strate. The curvature on the top die surface indicates a convex shape of the die. This
shape of the die implies tensile stress on the back side of the die and compressive stress
on the FEOL side.
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Figure 8.9: Illustration of the assembled 3D SIC package with the PTCQ stacks. The
stack is flipped with the PTCQ FEOLs facing downwards. Tier 2 is connected to the
substrate with flip chip solder balls instead of Cu pillars.
Figure 8.10: Photographs of the 3D SIC package, where figure 8.10 a) reveals the 3D
stack to substrate assembly phase, figure 8.10 b) the backside of the package with the
solder ball array visible and figure 8.10 c) the top side of the molded package.
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a) reveals the 3D stack to substrate assembly phase, figure 8.10 b) the backside of
the package with the solder ball array visible and figure 8.10 c) the top side of the
package. Global and local sensors were measured across the die to capture the impact
of packaging the PTCQ 3D stack. The reference value for current shifts were the 3D
stack values. In total 4 configurations were processed. Three of them, packages with
EMC 2, with EMC 4 and a bare 3D stack were assembled on a thicker substrate of 390
µm. The thinner substrate of 280 µm was used to assemble the packages with EMC 5.
Figure 8.11 summarizes the obtained current shifts from global sensors, n-type and
p-type longitudinal FETs from the 9 positions across the die, on both Si tiers. N-
type transitors on both tiers exhibit a negative current shift while the p-FET transistors
exhibit a negative current shift on tier 1 and positive current shift on tier 2. The die to
substrate structure continues to exhibit stresses within range of the full packages with
mold compounds. While packages with EMC 2 and EMC 4 seem to exhibit similar
levels of stress, the package with EMC 5 and a thinner substrate seems to separate
itself from the other configurations induce highest current shift on n-type FETs, highest
current shift on tier 2 p-FETs and close to zero current shift on tier 1 p-FETs.
If the in-plane components of stress in positions of global stress sensors are taken as
equal, due to their position between microbumps and Cu pads, using eq. 7.10 and 7.11,
in-plane and out-of-plane stress can be extracted. In this case, instead of two transverse
oriented FETs of the same type, longitudinal FETs of opposite type are used. Figure
8.12 summarizes the extracted in-plane stress and out-of-plane stress values in position
of global sensors for tier 1 and tier 2. Due to the fact that the FET currents were
referenced to 3D stack level FET currents and not wafer level FET currents, the impact
visible is solely from the impact of packaging - substrate assembly and mold compound
processing. According to results from figure 8.12, 3D packaging induces compressive
in-plane stresses on tier 2 closer to the substrate and tensile in-plane stresses on tier 1
surrounded by the mold compound. Furthermore, out-of-plane stresses on both tiers
appear to be tensile with significantly higher out-of-plane stress on tier 1.
Considering the impact of the 3D stack attached to the package substrate without
processed mold compound, optical profilometry was performed on the top surface of
tier 1, opposite of the tier 1 FEOL position, presented in figure 8.13. A convex shape
of the 3D stack was observed which would indicate compressive stresses in the FEOL
region of the top tier. The substrate material shrinks the most during cooling from the
reflow bonding temperature of 250 ºC due to its high CTE value and bends the above
3D stack. Application of the mold compound, similar to the 2D BGA case, attempts
to change the warpage of the stack, therefore also impacting stress changes. Tier 2
closer to the substrate, figure 8.12, exhibits similar stress trends as the die in a 2D
BGA package, figure 8.7. After packaging compressive in-plane stresses and tensile
out-of-plane stresses are observed on tier 2. On tier 1, which back side is in contact
with the mold compound, in-plane stress changes sign and out-of-plane stress increases
significanlty.
It can be asssumed that this change can be correlated to a more dominant impact
from the mold compound than the substrate. One hypothesis might be that during
shrinking of the whole package, the shrinking mold compound tries to counteract the
effects of the substrate, having more success on tier 1 than tier 2. The shrinking mold
compound prevails on tier 1 causing concave warpage of tier 1 leading to tensile in-
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Figure 8.11: Current shifts obtained from global sensors, n-type and p-type longitudi-
nal FETs from the 9 positions across the die diagonal, on both Si tiers
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Figure 8.12: Extracted in-plane stress and out-of-plane stress from the global sensors
for tier 1 and tier 2
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plane stresses in the FEOL. The stress trends between different configurations remain
as on tier 2 but are shifted towards the tensile region between 100 and 150 MPa. The
shift in out-of-plane stress is more ambigous. High out-of-plane stress might be cre-
ated due to local shrinking of the underfill, acting in the opposite direction of the mold
compound. While the mold compound pulls the die upwards, the underfill pulls it
downwards. In case of the 2D BGA package, figure 8.7, addition of the mold com-
pound cause a shift from compressive to tensile out-of-plane stress, perhaps due to the
mentioned die pulling. Tensile out-of-plane stress is visible on both tiers in figure 8.12
as well, however the out-of-plane stress on tier 1 closer to the mold compound is sig-
nificantly higher. Out-of-plane stress values on tier 2, figure 8.12 are comparable to
the molded package out-of-plane stress values in figure 8.7. A solid hypothesis as to
why the out-of-plane stress on tier 1 is considerably higher still needs to be set. One
point worth investigating is the thermo-mechanical properties of the underfill between
the dies and the underfill between tier 2 and the substrate. The stack underfill might be
pulling stronger than the die to substrate underfill creating higher out-of-plane stress
between the dies.
Figure 8.14 summarizes the electrical measurements after packaging on the local
n-FET longitudinal sensors. The values before packaging are current shifts obtained on
3D stack level. These current shifts are originally referenced to wafer level measure-
ments, as presented in figure 7.53. In figure 8.14, the current shifts are referenced to
the minimum value within the n-FET array for better visibility of the current shifts oc-
curing after 3D packaging. The microbump n-FET arrays on tier 1 and tier 2 for EMC
2, EMC 4 and no EMC exhibit negative current shifts of approximately -8%. This is
in range with the observations of the global n-FET sensors as well. The configuration
with a thinner substrate and EMC5, as with the global sensors, exhibits slightly higher
current shifts of -10%. The shapes of microbump and Cu pad impact are preserved
after 3D packaging.
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Figure 8.13: Optical profilometry was performed on the top surface of tier 1, opposite
of the tier 1 FEOL position indicating convex warpage
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Figure 8.14: Current shifts observed after packaging on the local n-FET longitudinal
sensors. The values before packaging are current shifts obtained on 3D stack level.
These current shifts are originally referenced to wafer level measurements, as presented
in figure 7.53. The current shifts are referenced to the minimum value within the n-FET
array for better visibility of the current shifts occuring after 3D packaging.
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8.5 Summary
Stress is analyzed in 2D and 3D SIC packages. In total 3 package types were assembled
with the PTCQ test chip:
• 2D BGA package with internal wirebonds
• 2D BGA package with internal Cu pillars
• 3D BGA package
The packages were processed with 5 different mold compounds. Also assemblies of a
single die on substrate and 3D stack on substrate, without mold compound, were made.
The main difference between the substrate and mold compounds is the higher CTE of
the mold compound above its glass transition temperature.
In-plane stresses in Si were extracted from MOSFET current shifts in the 2D BGA
package with internal wirebonds. The FEOL of the Si die was in this case facing the
mold compound. Compressive stress around 120 MPa was observed. High stress is ob-
served in random locations on the die possibly linked to mold compound filler particles
pressing on the die during mold compound cooling. Convex warpage of the package
surface was observed with optical and mechanical profilometers. X-ray revealed con-
cave warpage of the inner Si die. The convex shape of the package is linked to the
mold compound cure shrinkage during mold compound hardening. The concave shape
of the die is linked to the CTE mismatch between the mold compound and the sub-
strate. After the convex shape of the mold compound is created due to mold compound
cure shrinkage at the mold compound processing temperature of 180 ºC, during cool-
ing of the package to room temperature, due to higher thermal shrinkage of the mold
compound, concave warpage is emposed on the stack. Convex warpage remains on
the outer side of the package above the die, while concave warpage impact is observed
on the package edges further from the die where only mold compound and substrate
interact.
In-plane and out-of-plane stresses in Si were extracted from MOSFET current shifts
in the 2D BGA package with Cu pillars. The FEOL of the Si die was in this case facing
the Cu pillars and substrate. Compressive in-plane stress and out-of-plane stress were
observed after die bonding to the substrate. Compressive, but lower in-plane stress and
slightly tensile out-of-plane stress is observed after additional processing of the mold
compound. Optical and mechanical profilometry were performed on the die to sub-
strate structure exhibiting convex die warpage. It is assumed that during cooling of the
die to substrate structure, the substrate with higher CTE than Si shrinks and causes a
convex warpage of the structure. Since the die FEOL is on the substrate side, convex
warpage on the back Si die surface points to tensile stress on the back Si die surface
and compressive stress on the inner Si die surface, where the die FEOL is. This is
consistent with the extracted stress values from electrical measurements. When the
mold compound is applied, the higher thermal shrinkage of the mold compound com-
pared to the substrate, as in the case of the 2D BGA package with internal wirebonds,
attempts to create concave warpage, opposite of the effect of substrate assembly. How-
ever, in the case of the 2D BGA with Cu pillars, the die is attached with the substrate
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by thermo-compression bonding at 250 ºC, higher than the mold compound processing
temperature. This means that at mold compound processing temperature of 180 ºC, the
die to substrate structure is probably already bent in a convex shape and the mold com-
pound does not succeed in full correction or change of the warpage. This is why the
in-plane stresses are still compressive after adding the mold compound but lower than
in the die to substrate structure case. The substrate can therefore have a stronger impact
on stress in Si than the mold compound. Furthermore, the mold compound could be
used to correct the package warpage and to an extent lower Si stress.
In-plane and out-of-plane stresses in Si were extracted from the 3D IC package
from MOSFET current shifts from both Si tiers, from local and global sensors. Flip
chip solder balls were used instead of Cu pillars. Regarding global sensors, placed
between the microbumps, on tier 2, the bottom die in the package with its FEOL facing
the substrate, compressive in-plane stress around 100 MPa and tensile out-of-plane
stress below 100 MPa was extracted. Optical and mechanical profilometry confirm a
convex warpage of the 3D IC stack when attached to the substrate. This situation is
comparable to the 2D BGA package with Cu pillars, where the FEOL is also facing
downwards towards the substrate.
Different stress trends are observed on tier 1, the die further from the substrate, on
the mold compound side. This die FEOL is facing the underfill-microbump region and
the die it is stacked on while the back side of the die is turned to the mold compound.
There, tensile in-plane stress and higher tensile out-of-plane stress than on tier 2 oc-
curs. It is known from 2D BGA packages, that the mold compound tries to bend the
package in a manner opposite of the substrate due to the higher thermal shrinkage of
the mold compound compared to the substrate. It can be argued that the mold com-
pound has a higher and more direct impact on the die further away from the substrate
and therefore manages to create concave warpage of the top Si die resulting in such
stress fields. Although the substrate undoubtably plays a role in the overall warpage,
the mold compound does not interact only with the substrate but with the bottom Si die
of the 3D IC stack as well. In one approximation, the bottom Si die can be viewed as
the substrate. In terms of warpage of tier 1, in that case, two interactions are occuring.
The mold compound to substrate interaction and the mold compound to the bottom die
interaction.
Local sensors were also analyzed in the 3D IC package. Current shift shapes ob-
served from the underfill-microbump mechanism are preserved and globally shifted by
-8% after packaging. The stress shapes and local current shifts on tier 1 are preserved
regardless of the mold compound impact observed on the global sensors as the out-of-
plane stress caused by the underfill-microbump mechanism plays a dominant role.
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9.1 General conclusions
9.1.1 Initial objectives and final contributions
The objective of this PhD thesis was to detect, describe and minimize the negative
thermo-mechanical effects of 3D IC stacking and packaging on the FEOL in order
to improve 3D IC stack/package performance. This objective was channeled into the
following main goals:
• Develop a sensor-based CPI methodology for the FEOL
• Provide understanding and mitigation guidelines on the generated mechanical
stress to the FEOL in the vicinity of the microbumps after 3D stacking - refered
to as the underfill-microbump stress mechanism
Additional goals developed throughout the thesis included:
• Enable benchmarking of FEOL device stress sensitivities from scaling technol-
ogy nodes by applying stress calibration methodology used for stress sensors
• Monitor and interprete stress evolution after 3D IC stacking and 3D IC packaging
The forementioned goals have been met. With respect to the presented overview of
this work in previous chapters, a list is given with the contributions of this thesis to the
scientific community:
• First electrical measurements revealing the underfill-microbump impact on FEOL
in 3D IC stacks
• Provided understanding on the underfill-microbump impact to the FEOL through
experimental work and finite element simulations
• First proposed underfill-microbump stress mitigation guidelines concerning its
impact on the FEOL
• Proposed an evaluation methodology for stress sensors for monitoring CPI in 3D
IC stacks
• Demonstrated in-plane and out-of-plane stress calibration methods for FEOL
devices
• Evaluated, selected and implemented MOSFETs as stress sensors that monitored
CPI effects in 3D stacks and 3D packages: the underfill-microbump stress mech-
anism, impact of Cu pads and the interaction between the package substrate and
mold compound
• Analyzed stress in Si in 3 different positions in the stack: on the opposite side of
the microbump, below the microbump and between microbumps
• Extracted and interpreted individual in-plane stress and out-of-plane stress com-
ponents in Si in a two layer 3D IC stack and 3D IC package
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A large part of this work is a result of teamwork with particular contribution from Dr.
Vladimir Cherman regarding test setup and measurements. The general conclusions of
the thesis follow.
9.1.2 Evaluation of FEOL devices as CPI stress sensors
Regarding stress sensors in Si dies, this thesis focused on exploitation of MOSFETs.
Applicability of FinFETs and pseudo-Hall transistors was also assessed. The linear
piezoresistance model, originally developed for bulk Si, was applied to describe the
stress behavior of FEOL devices. In this case, the piezocoefficients represent the stress
sensitivity of the whole device rather than just bulk Si. For Si based FEOL devices,
such as MOSFETs, their drain to source current is directly proportional to electron or
hole mobility. The piezoresistance model applied to FEOL devices linked independent
mechanical stress components, over device piezocoefficients, with device current shift.
A stress sensor evaluation methodology was proposed and implemented. Its 3
phases are wafer level evaluation, stress calibration and sensor usage. During wafer
level evaluation, the stability of the device is assessed with no external loads applied.
If the device exhibits sufficient electrical stability, it can proceed to the stress calibra-
tion phase. Stress calibration involves current shift monitoring during application of
a controlled external mechanical load. Device piezocoefficients can be extracted as a
result of stress calibration which describe the sensitivity of the device to in-plane, out-
of-plane or shear stress. If the device exhibits sufficient sensitivity to stress it can be
submitted to a validation test. The validation test, where possible, is the final step be-
fore sensor application in a real environment. The Si die with processed stress sensors
is placed in a simplified and known stress environment. Stress is then extracted with
stress sensors and compared to other stress extraction methods using techniques such
as profilometry or finite element modeling.
The usage of tools in this work is summarized.
Usage of finite element analysis:
• predict mechanical stress in Si after 3D IC stacking and 2D and 3D packaging
• by utilizing test obtained transistor piezocoefficients, transfer simulated stress to
transistor current shift
• compare with other stress extraction techniques
• upon finite element model validation with other stress extraction techniques, pro-
vide guidelines for stress reduction in Si
Usage of the delaminator:
• as a 4-pt bending tool to apply controlled in-plane stress during stress sensor
calibration
• to apply controlled out-of-plane stress during stress sensor calibration
Usage of the nano-indenter:
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• as an alternative to the delaminator for applying controlled out-of-plane stress
during stress sensor calibration
Usage of profilometers:
• to determine the warpage of a Si die, 3D IC stack or package
• by obtaining the curvature of a die, using the Stoney equation to calculate stress
in Si
Usage of X-ray diffraction:
• to determine warpage of packaged Si dies
Stress sensitivity of several FEOL device types and through several FEOL technology
nodes was assessed. The stress sensitivities are analyzed from two perspectives:
• To gain information on the nature of stress sensitivity of FEOL devices and its
trends through scaling technology nodes
• Their applicability for usage as FEOL CPI stress sensors
Stress sensitivities of MOSFETs, FinFETs and pseudo-Hall transistors were analyzed.
Calibrations were performed in [110]/[-110]/[001] and [100]/[010]/[001] Si reference
frames. 4-pt bending was used for application of in-plane stress. Out-of-plane stress
was applied with a delaminator tip over a Si cube to the Si die and alternatively with
the nano-indenter.
In-plane stress piezocoefficients are obtained from the following devices:
• n-type and p-type MOSFETs, short and long channel, from 3 technology nodes
- 130nm, 65nm and 32 nm
• n-type and p-type FinFETs of one channel size from the 32nm technology node
• n-type and p-type pseudo-Hall transistors of one channel size from the 65nm
technology node
Out-of-plane stress piezocoefficients are obtained from the following devices:
• n-type MOSFETs, long channel, from the 65nm technology node
MOSFETs, FinFETs and pseudo-Hall devices exhibit a sensitivity to mechanical stress.
Smith piezocoefficients for bulk Si are not meant to be used for FEOL devices. Ob-
tained FEOL device piezocoefficients can greatly differ from Smith piezocoefficients
for bulk Si. Direct calibration of FEOL devices to stress is necessary.
Summary of in-plane stress calibrations:
• MOSFETs
– n-type and p-type MOSFETs through all tested technology nodes exhibit
sensitivity to stress
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– taking into account their stress sensitivity levels, they are good candidates
for usage as CPI stress sensors
– in the used reference frame, [110]/[-110]/[001], n-type in-plane piezocoef-
ficients are of the same sign and different magnitude, p-type piezocoeffi-
cients are of opposite sign and similar magnitude
– a decrease of sensitivity with newer technology nodes is observed
– long channel transistors exhibit higher sensitivity than short channel tran-
sistors
– A MOSFET operating in the saturation regime is less senstive to stress than
when operating in the linear regime
– Stress sensitivity of MOSFETs is highly dependent on temperature and
drops with temperature increase
– MOSFETs in a biaxial stress environment reacted equivalently to a super-
position of uniaxial stress environments
– The linear piezocoefficient model might be invalid for high values of stress,
approximately above 1 GPa due to non-linear relation between stress and
current shift
• FinFETs
– FinFETs exhibit similar sensitivity in longitudinal direction, but have a dis-
tinctively low stress sensitivity in the transverse direction
– Due to the lower stress sensitivity in transverse direction, they are not rec-
ommended for CPI sensors
– Lower transverse stress sensitivity is most likely not attributed to lower
stress transfer in the transverse direction but a fundamental response of
FinFET side walls
• Pseudo-Hall transistors
– Pseudo-Hall transistors present an interesting alternative to transistor cur-
rent shift monitoring for stress observation, by measuring voltage perpen-
dicular to the drain and source transistor contacts
– their stress sensitivity is independent of temperature, however the absolute
value of the voltage measured to monitor stress still changes with tempera-
ture
– Pseudo-Hall transistors did not exhibit an additional advantage over MOS-
FETs for implementation as CPI Si stress sensors in 3D IC stacks and pack-
ages due to:
* The stress sensitivity invariance with temperature is not a particular ad-
vantage as stress from 3D IC stacks and packages is extracted at room
temperature. They could provide more or arguably better performance
than MOSFETs for stress extraction at higher temperatures
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* Extraction of individual stress components with pseudo-Hall transis-
tors is not straightforward
Summary of out-of-plane stress calibrations:
• MOSFETs
– n-type transistors exhibited higher sensitivity to out-of-plane stress in [001]
direction than to in-plane stress in [110] and [-110] direction
– p-type transistors were not calibrated to out-of-plane stress, according to
Smith’s bulk Si piezocoefficients, p-type Si on [001] Si surface exhibits
low sensitivity to out-of-plane stress
An important advantage of MOSFETs is its ability to extract individual stress compo-
nents. In certain conditions, MOSFETs can be used to extract both in-plane stresses
and out-of-plane stress. Shear stress calibration was not attempted on any of the de-
vices. According to piezoresistive theory, Si is not affected by shear stress in [110] and
[-110] direction. Mechanical dicing reduces the ultimate tensile strength of Si. Me-
chanical polishing of Si sample edges did not result in an increase of its ultimate tensile
strength. Ion etching of Si samples provided promising results with sample reaching
GPa range without breaking. This could enable FEOL device stress calibration at GPa
stress levels.
9.1.3 Analysis of mechanical stress in 3D stacked ICs
High current shifts above 40% were initially observed on n-FET transistors within a
3D IC stack, placed on the thin Si die, on the opposite side of the microbump. The
initial stack consisted of a 25 µm thick die stacked on a 550 µm thick die. This cur-
rent shift was linked to stress generated by the underfill-microbump stress mechanism.
During cooling of a 3D IC stack after die bonding, the underfill as the material with the
highest CTE in the surrounding, shrinks and pulls the thin Si die over the underlying
microbumps causing local warpage of the thin Si die. The underfill microbump stress
mechanism is a CTE mismatch driven mechanism initiated by the underfill material.
The 40% current shift was linked to 827 MPa of Si stress.
Generated stress patterns in Si from the underfill-microbump mechanism on the
opposite side of the microbump are circular. Negligible amounts of stress are observed
in Si if an underfill is not present.
N-type and p-type Si and in that sense n-type and p-type MOSFETs have a distinc-
tively different response to mechanical stress. The circular stress in Si on the opposite
side of the microbump generated by the underfill-microbump mechanism creates cir-
cular, dominantly positive current shift patterns for n-type Si and orbital current shift
patterns for p-type Si with regions of negative and positive current shift.
Keep-out zones, prohibited areas in Si for processing MOSFETS and other sen-
sitive FEOL devices on IC layouts due to the underfill-microbump stress impact, are
proposed. Circular keep-out zones, primarily above the microbump position are pro-
posed for n-type devices. Rectangular keep-out zones around the microbump position,
but not directly above the microbump position, are proposed for p-type devices.
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Underfill-microbump stress mitigation guidelines are proposed and ranked accord-
ing to benefiting impact, from highest to lowest impact on stress reduction in Si:
• increasing die thickness
• choosing a low-stress underfill
• decreasing the pitch between microbumps
• decreasing microbump height
• grouping microbumps in larger arrays
The underfill thermal shrikage defined by its CTE below and above its glass transition
temperature has the highest impact on underfill thermo-mechanical behavior. Choosing
an underfill with lower thermal shrinkage decreases stress levels in Si significantly.
Additionaly, choosing an underfill with higher glass transition temperature and lower
cure shrinkage could reduce stress levels in Si further. A process involving creation of
etched rings in Si around the microbump is proposed in attempt to provide a potential
alternative to Si stress reduction. When grouping microbumps in an array and when
microbump are at sufficiently close pitch for their stress fields to interact, an edge effect
can be expected. The microbump array edge effect involves stress peaks in Si observed
above microbumps on the edge of the microbump array. Otherwise, increasing the
size of the microbump array decreases stress in Si above the microbumps within the
microbump array.
MOSFETs were used as global and local stress sensors in 3D stacks. Stress was an-
alyzed on in total three 3D IC stack generations. Si stress was assessed in the following
locations on the 3D stack:
• on the opposite side of the microbump
• below a microbump
• between microbumps
• beneath a Cu pad
• combinations of a microbump and a Cu pad
On the opposite side of the microbump, tensile in-plane stress components in Si are
dominant. Compressive out-of-plane stress becomes dominant in Si below the mi-
crobump. Tensile in-plane stresses and tensile out-of-plane stresses of the same mag-
nitude are observed in Si between microbumps. Between microbumps, but on the op-
posite Si side of the microbumps out-of-plane stress is negligible while in-plane stress
is of the same magnitude as in-plane stress in Si on the microbump side.
The dominant tensile in-plane stress components on the opposite side of the mi-
crobump are of the same sign an directly above the microbump projected center, of
equal value. P-type transistors in a [110]/[-110]/[001] reference frame will exhibit
lower current shifts when placed directly above the projected microbump center as
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in that reference frame they have in-plane piezocoefficients of similar value and op-
posite sign. N-type transistors are preferable for monitoring the underfill-microbump
stress mechanism in a [110]/[-110]/[001] reference frame on the opposite side of the
microbump as their in-plane piezocoefficients are of the same sign. N-type transis-
tors will therefore not cancel out the impact of in-plane stress components in Si on the
opposite side of the microbump.
In Si below the microbump, n-type transistors could be more desirable as they
exhibit a high sensitivity to out-of-plane stress. However, a combination of n-type
and p-type sensors below the microbump enables individual in-plane and out-of-plane
stress component extraction.
When stress in Si on the opposite side of the microbump is observed through the
stack generations, a stress decrease is successfully observed, from an initial value of
827 MPa down to 150 MPa on the FUJI stacks and 125 MPa on the PTCQ stacks.
Out-of-plane stress extracted below the microbump equals to close to 400 MPa of
compressive stress. In-plane and out-of-plane stress between the microbumps is below
100 MPa with out-of-plane stress lower than in-plane stress. The Cu pad induces non-
negligible negative current shifts on n-type transistors below. Plastic deformation of
Cu, most likely during thermo-compression bonding of the stack, could be the reason
for remaining stress in Si below the Cu pad.
Current shift decrease due to stress relaxation at higher temperatures was observed.
Linear extrapolation of current shifts refered to an equivalent stress free temperature of
the 3D IC stack just above 200 ºC. Finite element simulations show good agreement
with observed current shifts at room temperature if the stack thermo-mechanical bond-
ing temperature of 250 ºC is taken into account. According to electrical measurements
on stress sensors and finite element simulations, stress build up above the glass transi-
tion temperature should not be neglected. More complex finite element models need to
be built, based on more detailed studies of underfill behaviour above its Tg in order to
extract the real equivalent zero stress temperature of a 3D stack.
9.1.4 Analysis of stress in 3D stacked IC packages
Stress is analyzed in 2D and 3D SIC packages. MOSFETs were used as global and
local stress sensors. In total 3 package types were assembled:
• 2D BGA package with internal wirebonds
• 2D BGA package with internal Cu pillars
• 3D BGA package
In-plane stresses in Si were extracted in the 2D BGA package with internal wirebonds.
The FEOL of the Si die was in this case facing the mold compound. Compressive
stress around 120 MPa was observed. High stress is observed in random locations on
the die possibly linked to mold compound filler particles pressing on the die during
mold compound cooling. Convex warpage of the package surface was observed with
optical and mechanical profilometers. X-ray revealed concave warpage of the inner Si
die. The convex shape of the package is linked to the mold compound cure shrink-
age during mold compound hardening. The concave shape of the die is linked to the
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CTE mismatch between the mold compound and the substrate. After the convex shape
of the mold compound is created due to mold compound cure shrinkage at the mold
compound processing temperature of 180 ºC, during cooling of the package to room
temperature, due to higher thermal shrinkage of the mold compound, concave warpage
is emposed on the stack. Convex warpage remains on the outer side of the package
above the die, while concave warpage impact is observed on the package edges further
from the die where only mold compound and substrate interact.
In-plane and out-of-plane stresses in Si were extracted in the 2D BGA package
with Cu pillars. The FEOL of the Si die was in this case facing the Cu pillars and
substrate. Compressive in-plane stress and out-of-plane stress were observed after die
bonding to the substrate, without present mold compound. After additional processing
of the mold compound, compressive, but lower in-plane stress and slightly tensile out-
of-plane stress is observed.
The die to substrate structure exhibited convex die warpage. It is assumed that
during cooling of the die to substrate structure, the substrate with higher CTE than Si
shrinks and causes a convex warpage of the structure. Since the die FEOL is on the
substrate side, convex warpage on the back Si die surface points to tensile stress on
the back Si die surface and compressive stress on the inner Si die surface, where the
die FEOL is. When the mold compound is applied, the higher thermal shrinkage of
the mold compound compared to the substrate, as in the case of the 2D BGA package
with internal wirebonds, attempts to create concave warpage, opposite of the effect of
substrate assembly. However, in the case of the 2D BGA with Cu pillars, the die is
attached with the substrate by thermo-compression bonding at 250 ºC, higher than the
mold compound processing temperature. This means that at mold compound process-
ing temperature of 180 ºC, the die to substrate structure is probably already bent in a
convex shape and the mold compound does not succeed in full correction or change of
the warpage. This is why the in-plane stresses are still compressive after adding the
mold compound but lower than in the die to substrate structure case. The substrate can
therefore have a stronger impact on stress in Si than the mold compound. Furthermore,
the mold compound could be used to correct the package warpage and to an extent
lower Si stress.
In-plane and out-of-plane stresses in Si were extracted from 3D IC packages from
both Si tiers, from local and global sensors. Flip chip solder balls were used instead
of Cu pillars. Regarding global sensors, placed between the microbumps, on tier 2,
the bottom die in the package with its FEOL facing the substrate, compressive in-plane
stress around 100 MPa and tensile out-of-plane stress below 100 MPa was extracted.
Optical and mechanical profilometry confirm a convex warpage of the 3D IC stack
when attached to the substrate. This situation is comparable to the 2D BGA package
with Cu pillars, where the FEOL is also facing downwards towards the substrate.
Different stress trends are observed on tier 1, the die further from the substrate, on
the mold compound side. This die FEOL is facing the underfill-microbump region and
the die it is stacked on, while the back side of the die is turned to the mold compound.
There, in the FEOL of tier 1, tensile in-plane stress and higher tensile out-of-plane
stress than on tier 2 occurs. It is known from 2D BGA packages, that the mold com-
pound tries to bend the package in a manner opposite of the substrate due to the higher
thermal shrinkage of the mold compound compared to the substrate. It can be argued
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that the mold compound has a higher and more direct impact on the die further away
from the substrate and therefore manages to create concave warpage of the top Si die
resulting in such stress fields. Although the substrate undoubtably plays a role in the
overall warpage, the mold compound does not interact only with the substrate but with
the bottom Si die of the 3D IC stack as well. In one approximation, the bottom Si
die can be viewed as the substrate. In terms of warpage of tier 1, in that case, two
interactions are occuring. The mold compound to substrate interaction and the mold
compound to the bottom die interaction.
Local sensors were also analyzed in the 3D IC package. Current shift shapes
observed from the underfill-microbump mechanism are preserved and only globally
shifted after packaging. The stress shapes and local current shifts on tier 1 are pre-
served regardless of the mold compound impact observed on the global sensors as the
out-of-plane stress caused by the underfill-microbump mechanism plays a dominant
role.
9.2 Recommendations for future work
In chapter 5, stress calibration of FEOL devices was discussed. 4-point bending pro-
vides a controlled and straightforward way for application of in-plane stress to FEOL
devices. However, a more straightforward method for application of out-of-plane stress
can be developed. The usage of a nano-indenter spherical tip for out-of-plane stress cal-
ibration makes it difficult to control the distribution of stress to the FEOL due to the tip
curvature an unknown contact surface. Out-of-plane stress calibration with help of a
flat Si cube provides a more homogenous stress, however the current procedure is not
fit for calibration on large number of samples. A more user-friendly approach based on
the Si cube or other can be though of.
Furthermore, development of a shear tool for calibration of the FEOL devices to
shear stress would be of importance. If developed, FEOL devices could then be cali-
brated to all stress components and their sensitivity to stress fully characterized. The
local effect of BEOL structures during out-of-plane calibration of the FEOL can further
be investigated.
In chapter 6, BEOL capacitive plates were analyzed as out-of-plane stress sen-
sors. Using the CIEF CBCM method, stable capacitance was extracted and the device
showed sensitivity to out-of-plane stress in a controled environment. However, when
used in 3D stacks and 2D or 3D packages, it displayed high instability of capacitance
and often inconsistent trends. More study on the operation and applicability of this
type of sensors is needed. Furthermore, capacitive plates could be considered also as
shear stress sensors.
In chapter 7, stress in 3D SICs was analyzed. The underfill is the generator of
stress in 3D stacks and while its impact at room temperature is obvious, its behavior
at elevated temperatures, in particular above its Tg, is not well known. Better under-
standing of Si stress build up in 3D stacks above underfill Tg would possibly lead to the
extraction of the equivalent zero stress temperature of the 3D SIC. This value together
with a more complex underfill model would be invaluable for stress predictions using
finite element modeling. Furthermore, other 3D stack dimensions or material proper-
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ties could be proposed for Si stress reduction. New structures, such as the Si etch ring
could be further proposed. Addition of materials with a low Young’s modulus between
the underfill and Si BEOL or Si backside passivation, depending on die orientation,
could perhaps act as a stress buffer layer and contribute to stress reduction in Si.
In order to ease 3D SIC design and IC layout design, a compact mechanical model
relating 3D stack dimensional and material characteristics would be of great use to
the designer. Such a compact mechanical model would incorporate the main learnings
from previous finite element simulations and experiments while providing a simpler
interface for the designer not directly familiar with thermo-mechanical behavior of 3D
SICs and reducing design time.
Also, more fundamental understanding on the creation of tensile stresses in Si in
between microbumps is needed.
In chapter 8, stress after packaging 3D SICs was analyzed. While the underfill-
microbump interaction stress patterns were still present, the global stress on the two
Si dies differed in sign. More fundamental understanding on the change in sign of in-
plane stress from one die to the other die and the presence of high out-of-plane stress
is needed.
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